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ABSTRACT 
An experimental investigation was made of the flow field behind a 
two-dimensional circular cylinder at a nominal Mach number of 5. 7. 
The free-stream Reynolds number based on the cylinder diameter was 
varied over a range from 4300 to 66, 500 by changing both the diameter of 
the cylinder and the stagnation pressure of the wind tunnel. 
Pitot-pressure, static-pressure, and total-temperature measurements 
were made at various distances behind the cylindrical rod in order to 
determine the state properties in the wake. Base-pressure measurements 
were also taken at various Reynolds numbers. 
From these measurements, thetransition from laminar to turbulent 
flow in the wake was determined and successfully correlated with other 
data. A transition Reynolds number based on local conditions and the 
length of lamina,r run was determined. Extensive comparison of the 
experimental data with Kubota 1 s theory for laminar flow was then made. 
A satisfactory comparison was made between theory and experiment. 
Because of the nature of the tests conducted, only a qualitative comparison 
was made with the theory of Lees and Hromas for turbulent flow. 
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I. INTRODUCTION 
GENERAL DISCUSSION 
Wakes present one of the oldest basic problems in the field of clas-
sical fluid mechanics. Although the low - speed regime of wakes has been 
discussed in several treatises, (e. g., see References 1 to 6), it was only 
recently that research was directed toward the phenomenon of high-
speed flow. The development of intercontinental ballistic missiles and 
hypersonic reentry vehicles has rekindled interest in high - s peed wakes. 
One of the more interesting aspects of hypersonic wakes is the 
extreme length of observable phenomena. For example, it is reported by 
Jacchia (Reference 7) that during the descent of the 1957 Soviet satellite, 
Beta One, the burning object trailed a luminous tail approximately 100 km 
long. A representative comment of J acchia 1 s relevant to the visual 
observation of Beta One's descent cites the spectacular character of the 
object's reentry: 
"Tail was 25-30 nautical miles long; from white it degraded 
into dark red and then into a black smoke trail without seeing 
the end of it. 11 
Contemporary techniques employed in predicting observables are as 
yet inadequate because the theoretical models devised for this purpose have 
not received experimental confirmation. While some information about 
gross quantities (i .e., wake width) has been obtained from downrange 
- 2 -
measurements and ballistic ranges (e. g., References 8 and 9), it is 
difficult to obtain detailed state properties which would permit th-e basic 
structure of the wake to be determined experimentally. For example, Lees 
and Hromas (Reference 10) were able to confirm their theory for turbulent 
wakes only by shadowgraph and schlieren measurements taken in ballistic 
ranges; consequently, no confirmation of state properties has thus far been 
possible. For the laminar flow regime, the situation is even more critical 
because of the dearth of experimental data. 
Perhaps the major obstacle in correlating theory and experiment in 
hypersonic wakes resides in the difficulty of obtaining reliable and detailed 
experimental data. Atmospheric reentry involves a temperature/Mach 
regime which cannot be effectively simulated by known devices for extended 
periods. Therefore, only limited data have been obtained, either from 
short-duration experimental facilities ( shock tunnels and ballistic ranges) 
or from actual flight -- an expensive, unreliable technique. Unfortunately, 
these data have been inadequate in proving even the most unsophisticated 
theories of hot, viscous hyper sonic wakes. 
One tool generally overlooked in the study of hypersonic wakes is the 
conventional wind tunnel. Although the wind tunnel does not simulate the 
high Mach number and the high temperature attained during reentry, it 
does make possible the check -out of theoretical models by permitting the 
measurement of state properties throughout a hypersonic flow field. One 
major advantage inherent in wind tunnel testing is the ability to vary the 
- 3 -
Reynolds number -- an extremely important parameter in viscous and wake 
phenomena -- independently of other quantities, enabling the Reynolds num-
ber effect to be determined explicitly. A systematic hypersonic wake study 
program employing the hypersonic wind tunnel as the experimental tool has 
been in progress at GALCIT for some time. 
Figure 1, which is a schlieren photograph of a circular cylinder at 
Mach number 5. 7, enables the flow field to be segregated into various 
classical regimes. These regimes are presented in Figure 2. Each of 
these regimes can be treated analytically by suitable techniques. After 
individual analyses, these regimes can be figuratively assembled in a 
manner analogous to piecing together a jigsaw puzzle -- matching boundary 
conditions and, if necessary, using iterative procedures. The pre sent 
investigation is focused upon the wake region shown in Figure 2. 
At GALCIT the problem has been grossly divided into three regimes: 
( 1) neck, (2) near wake, and (3) far wake. This thesis is one of several 
wherein the near wake is investigated. In the near wake regime the static 
pressure has not yet reached the ambient v alue, an effect which may contribute 
to the wake structure. Previous investigations have been concerned only 
with specialized measurements. For example, Demetriades (Reference 11) 
has investigated transition by hot-wire anemometry; Mohlenhoff (Reference 
12) and Kingsland (Reference 13) have studied mixing by means of helium 
and argon diffusion; Dewey (Reference 14) is extending the work of 
Demetriades and will study the neck region; Behrens (Reference 15), 
't. ,. ,. l 
Figure 1. Schlieren Photograph of the Flo w Around Cy l inder 
P0 = 85.00 PSIG g 
T0 = 2o30F 
M 00 = 5.69 
Red = 66.5 X 103 
*"" 
FLOW II' 
SUBSONIC/TRANSONIC 
REGION 
DEAD AIR AND 
REVERSE FLOW 
REGION 
BOW SHOCK WAVE 
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Figure 2. The Flow Field to be Analyzed 
investigating the far wake by utilizing very thin heated wires as models, is 
engaged in determining flow properties in the far wake by means of hot-wire 
anemometry. 
Lees and Hromas (Reference 1 0) have indicated several important 
differences between the low-speed and high-speed wake structure behind 
blunt bodies, viz: the existence of a stable shear layer (see Figures 1 and 
2); the very small initial momentum thickness or drag at the neck compared 
to the total drag of the body; and the absence of characteristic shedding 
frequencies, at least inun-ionizedair at supersonic and hypersonic speeds. 
The theoretical problem of hypersonic wakes was first treated by 
Feldman (Reference 16) who devised a simple model of the wake flow. 
- 6 -
Feldman's basic approach has been extended by Lykoudis (Reference 17) 
who, however, added no analytical innovations. More recently, Lees and 
Hromas (Reference 10) have attacked the problem of turbulent diffusion in 
the wake by using integral methods to solve the boundary-layer equations. 
The two-dimensional laminar hypersonic wake with streamwise pressure 
gradient has been solved by Kub-Jta (Reference 18) using linearized 
equations. 
The purpose of the present investigation is to obtain reliable experi-
mental data of the wake flow behind a two-dimensionc~.l circular cylinder --
the simplest model that could be devised. With these data supplemented by 
other experiments, transition from laminar to turbulent flow in the wake 
can be defined as a function of Reynolds number. Comparison between 
theory and experiment for the laminar region using Kubota's theory is then 
possible. Comparison between theory and experiment in the turbulent 
region will then be made to the extent possible as limited by the accuracy 
of the data . Whenever possible, an attempt will be made to define "univer-
sal" distributions of state properties based on experimental data and to 
determine the variation of centerline values with Reynolds number. 
TECHNICAL APPROACH 
The configuration for the experimental investigation is shown in 
Figure 3 where the basic model, a cylindrical rod, is mounted in the side 
plates of the hypersonic wind tunnel. The number and spacing of the 
vertical supports used for holding measuring probes were such that the 
- 7 -
TYPICAL TWO- DIMENSIONAL )-:-
CYLINDER MODEL ~~ 
1/ 4 ' ' ~  ~--\¥' 
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60 
Figure 3 . Model Installation 
wake could be investigated at any desired downstream axial station. To 
obtain a systematic variation of Reynolds number, the 11 combinations of 
cylinder diameter and wind tunnel stagnation pressure shown in Table I 
were tested. The 0 . 300-inch-diameter cylinder was approximately the 
largest model size which could conveniently be tested in the wind tunnel 
without starting difficulties. The 0. 100-inch-diameter model represented 
the smallest model that could be tested with enough resolution in 
measurements to give an adequate definition of state properties. The wind 
tunnel stagnation pressure, as limited b y the compressor plant, could b e 
v aried between the 0. 00 and 100. 00 psig limits. 
- 8 -
Table I Test Summary 
MODEL Po To Red 
d g 
INCH PSIG OF x1o-3 
0.300 85.00 263 66.5 
0.300 60.00 263 49.4 
0.300 35.00 262 32.7 
0.300 10.00 262 16.7 
0.200 96.68 264 49.3 
0.200 59.48 263 32.7 
0.200 22.48 262 16.6 
0.200 3.80 260 8.58 
o. 100 59.42 263 16.3 
0.100 22.54 262 8.28 
0.100 3.84 260 4.29 
Table I indicates that an attempt was made to duplicate Reynolds 
number by varying both the density and the model size. An exact duplica-
tion was not possible because of the day -to-day variations in atmospheric 
pressure and the variations in free-stream Mach number caused by 
variable boundary-layer thickness on the nozzle walls with stagnation 
pressure. The 3-to -l ratio in model size and the 6-to -1 ratio in absolute 
stagnation pressure, promised the possibility of obtaining a sufficient 
variation in Reynolds number to permit the determination of its effect 
onwake properties. 
After selecting the combinations shown in Table I, a complete defini-
tion of the flow field was attempted through experiment. Three state 
- 9 -
properties were selected for experimental investigation: ( l) pi tot pres sure, 
(2) static pressure, and (3) total temperature. 
Pi tot -pres sure measurements drew initial attention because these 
were obtained accurately and quickly; they could also be used to define the 
geometry of the flow field as well as determine one state property. 
Regarding static pressure, an experimental verification was 
attempted to demonstrate that the static pressure was constant with verti-
cal distance in the wake (as expected from theory). Static pressures were 
then employed to determine the two-dimensionality of the flow field. 
Finally, axial traverses were made along the centerline to obtain a second 
state property. 
Minimum effort was expended in determining total-temperature 
because the model used was almost completely insulated -- thus only 
slight variations in total temperature were pre sent. However, sufficient 
total-temperature data were gathered to determine the dependence of this 
state property on free-stream Reynolds number. In the process of investi-
gating the "near" wake characteristics, it was necessary to make base-
pres sure measurements in order to adequately extrapolate static -pres sure 
data upstream. 
Once the flow field was established experimentally, the data were 
used to define transition from laminar to turbulent flow in order to separate 
these two regimes. "Universal" curves were defined whenever possible 
and comparisons with theory were made as limited by the nature of the data. 
- 10 -
II. EXPERIMENTAL TECHNIQUES 
GALCIT HYPERSONIC WIND TUNNEL 
All tests were conducted in the GALCIT Hypersonic Wind Tunnel, 
Leg 1 (Figure 4). The test section of this tunnel is 5 inches in width and 
5-l /4 inches in height. The wind tunnel is a continuous -flow, closed-
return device with a nom inal fixe d Mach number of 5. 7 in the region where 
the model was ultimately placed (1 7 . 34 inches from the throat). A 
complete description of the compressor and the associated instrumenta-
tion is given b y Baloga and Nagamatsu (Reference 19). 
The reservoir pressure ranged from 0 . 00 to 100. 00 psig, with an 
accuracy of ±0. 02 psig with corresponding Reynolds numbers between 
33,000 and 260,000 per inch based on free-stream conditions . The 
automatically controlled reservoir temperature can be varied between 225 
and 325 F. A res e rvoir temperature of 262 F was selected for all tests. 
This temperature closely approached the minimum for good flow without 
condensation effects for the nominal operating dew points (based on the 
test section survey discussed in Appendix A). The maximum temperature 
was limited to approximately 275 F by the saran tubing used in the 
pressure-recording systems . The reservoir temperature could be 
maintained constant to within ±1 F. The nominal operating dew point 
was less than -40 F; however, after approximately eight hours of steady 
- 11 -
Figure 4. Leg I, GALCIT Hypersonic Wind Tunnel 
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testing the dew point began to deteriorate. No data were taken at dew 
points higher than -25 F. 
To obtain maximum distance for the wake studies, two methods were 
employed to determine the most forward location of the test section 
rhombus. First, the entire test section was surveyed by a conventional 
rake, and pressure contours were established by feeding data into a 
conventional IBM 7090 program. (Details of this survey are discussed in 
Appendix A, where contours for a low stagnation pressure are presented.) 
The flow deteriorates with decreasing stagnation pressure. 
The second method for determining the most forward position suit-
able for wake measurements was to change the axial location of the 
cylindrical model. Five different axial locations were selected. The most 
forward location was 13. 1 2 inches from the throat; the most aft, 24.82 
inches from the throat. Pitot-pressure surveys were made at each of 
these locations at various axial distances behind the model, and duplicabil-
ity was determined. This procedure was precipitated by the unfortunate 
experiences of Mohlenhoff (Reference 12), Kingsland (Referenc e 13) and 
the author (Reference 20) each of whom tested too far upstream. In these 
latter tests unusual pitot-pressure surveys were obtained, which could 
not be repeated. 
On the basis of these two methods, it was determined to locate the 
model position as far upstream as possible-17. 34 inches from the throat 
(Figure 3). The downstream limitation of flow uniformity was determined 
- 13 -
by disturbances orginating slightly upstream of the junction of the model 
with the wind tunnel's sidewalls (discussed later in this section) and not by 
the test-section rhombus. 
PI TOT -PRESSURE MEASUREMENTS 
Obtaining reliable experimentally verified total-pressure surveys at 
various axial distances in the wake and the adjacent inviscid flow region 
constituted one of the experimental program's major efforts. Fortunately, 
total pressure is one of the quantities which can be easily and accurately 
measured by experiment. This quantity not only provides one flow 
parameter, but also represents an accurate measurement of wake geometry. 
Perhaps the most difficult problem encountered in obtaining sa tis-
factory pressure surveys was the attainment of a low time constant. As 
shown in Reference 21, assuming Hagen-Poiseuille flow in the tubing, the 
time constant of a pressure recording system 1s 
where 
r is the time constant 
p. (Vol).t 
p d4 
p. is the coefficient of viscosity of the measured gas 
Vol is the internal volume of the system 
.t is the length of the tubing 
d 1s the diameter of the pressure probe 
pis the measured pressure 
( l) 
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Therefore, the pressure recording system was designed so as to 
minimize r. 
The small variable -reluctance pressure transducer shown in 
Figure 5 was selected as the basis for a very -low -time -constant 
pressure-recording system. Consequently, the volume of the transducer 
with its glass measuring tip was very small; also, the length of the tubing 
from pitot tip to diaphragm was minimal so that the time constant as 
defined by Equatio n l was minimized. The time constant of this pressure-
recording system was about 50 milliseconds, as determined by driving 
the probe through the bow shock gene r a t ed b) the cylindrical model. 
The magnetic circuit of this transducer consists of a shell, a 
magnetic coil, and an air gap -the air gap is varied by the deflection of 
TRANSDUCER 
DIAPHRAGM 
0.001" TO 0.005" ------o 
...... 
.. .. 
00 0 0 
WATER 1"1/0UT 
(TYPICAL) 
VACUUM 
REFI'RENCE 
TUBE 
MAGNETIC COILS 
~ ~SHELL 
Figure 5. Installation of V a riable -Reluctance Pres sure Transducer 
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the diaphragm due to differential pressure. The range of the transducer 
can be varied from about ±0. 1 to ±0. 5 psig for the diaphragm thicknesses 
(0. 001 to 0 . 005 inch) shown in Figure 5. Obviously, the range of the 
transducer decreases as the sensitivity is increased. Details of the theory 
and construction of this transducer are given by Smotherman 
(Reference 22). 
The pressure transducer was excited by a 5-volt 20, 000-cycle 
carrier signal which was modulated by the magnetic circuitry, producing 
as final output a de -signal up to 75 millivolts. Unfortunately, the final de 
output of the transducer system was very sensitive to temperature. Since 
thermal environment to which the transducer was subjected varied over a 
large range, it was housed in a head and water-cooled so as to provide a 
uniform temperature during a vertical transverse (Figure 5). The 
temperature of the transducer was monitored by cementing a standard 
thermocouple on the transducer case (see Figures 5, 6 and 7). 
Because of the characteristics inherent in the variable reluctance 
transducers used for the total-pressure measurements, it was necessary 
to use extreme care in the design and employment of the associated 
electronics. All wires had to be carefully shielded and excessive lengths 
avoided. An isolation transformer was used between the power source 
and the equipment (Figure 7). The transducer, installed as a conventional 
two -arm Wheatstone bridge (Figure 8), incorporates provisions for 
balancing the circuitry. 
t, D. O. Oil' 
0, 0. 0. liS" 
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Figure 6. Pitot-Pres sure Probe 
Before the pressure signal was introduced into the autograph 
recorder, it was cleared of high-frequency noise by the low -pass filter 
shown in Figure 8. The filter was designed by conventional techniques 
(Reference 23). In designing the electronic circuitry, a floating shield 
was necessary to prevent g round loops . The entire electronic circuit 
was grounded at one location only (Figures 7 and 8). 
The pitot-pressure probe was moved vertically from outside the 
tunnel b y a rack which was activated by a motor-driven pinion (Figure 7). 
The probe -positioning gearing turned the helipot potentiometer which 
converted the probe position to a linear electrical signal. The electrical 
signal, in turn, was fed into the autograph recorder. 
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The autograph recorder is a null-balancing device which plots the 
data automatically. The electronic circuit for recording distances is 
shown in Figure 8 . A 200 -ohm helipot with linearity of 0. 1 percent was 
used. The 200-ohm resistance of the helipot was much less than the 
resistance of the autograph recorder (2000 ohms); consequently, the 
linearity of the recorder was unaffected by the input signal. All distances 
could be recorded to ±0 . 001 inch. The final data were obtained as plots 
of pitot-pressure versus distance. 
In the final test setup shown in Figures 6, 7, and 8, the reference 
side of the transducer was connected to a vacuum reference with a large 
effective capacitance, consequently, fluctuations in any component of the 
vacuum reference pres sure system had little effect on the reference 
vacuum pres sure. The measuring side of the transducer was connected to 
the glass tip. The tip was about 1 -inch long and had the dimensions shown 
in Figure 6. The outside diameter of the apex of the glass tip was selected 
at 0. 039 inch-small enough to obtain satisfactory resolution (Figure 9) 
and large enough to minimize the effects of Reynolds number (Section III). 
To calibrate the transducer, another glass tip of exactly the same 
geometry as the original measuring glass tip was located a known distance, 
0. 149-inch, (Figure 6) below the measuring tip. This calibration tip was 
connected to the system shown in Figure 7 and was calibrated by a mercury 
micromanometer with which pressures could be measured to 0. 001 em 
mercury. 
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The calibration procedure was to record the final voltage output of 
the pressure-recording system, move the probe vertically 0. 149-inch, 
and measure the pressure with the mercury micromanometer. A typical 
calibration of the pres sure -recording system is shown in Figure 10. All 
calibrations were obtained with the pressure-recording system installed 
ready for use. Pressure was varied by changing the stagnation pressure 
of the wind tunnel. The calibration resistances A - G of the carrier ampli-
fier allowed for easy adjustment of the sensitivity of the autograph recorder. 
It is interesting to note that the linearity of the system was limited by the 
-4 
accuracy in reading (p /p = ±10 ) rather than by any electronic p 0 
component. 
2.0 
1.6 
0 
0 PRESSURE INCREASE 
ll.PRESSURE DECREASE 
8 12 16 20 24 
DIFFERENTIAL PRESSURE {em liu) 
26 
Figure 10. Typical Calibration of Pitot-Pressure Recording System 
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Axial positioning was provided by the driving mechanism shown in 
Figure 6. Because of the nature of the installation, the probe was pivoted 
about a point downstream of the diffuser. An error induced by the angular 
motion about this pivot point would be introduced during a vertical survey 
if no provisions were made. Angular errors in axial positioning were 
eliminated by the locking nut shown in Figure 6. To preclude angular 
errors in axial positioning, the probe was driven to the desired axial 
position in the forward direction before tightening the locking nut from 
outside the wind tunnel. The axial position of the probe was determined 
by a counter attached to the axial driver. The counter was calibrated by 
inserting machine shim stock between the measuring probe and the cylin-
drical model after temperature equilibrium was established through several 
hours of wind tunnel operation. 
Finally, because flow inclinations up to 15 degrees were encountered 
1n the flow field, the device shown in Figure 11 was designed to determine 
the angle -of -attack sensitivity of the pi tot probe. The long lever arm 
afforded good accuracy for small angles of attack, especially since the 
calibration counter had a turn ratio of 100 to 1. The results of this 
calibration are given in Figure 12, showing that the pitot probe is relatively 
insensitive to angle of attack in the range of interest {±15 degrees). 
Typical pitot-pressure traces are shown in Figure 9. Isoaxiometric 
visualization of the entire flow fields for the combinations given in Table I 
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Figure 13. 1. Isoaxiometric Pitot-Pressure Traces 
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Figure 13 . l a . Isoaxiometric Pitot- Pressure Traces 
Model: d = 0. 300 inch 
Pog = 60. 00 ps ig 
Patm = 74.53 em Hg 
T0 = 263°F 
M ~ = 5. 71 
Red = 49. 4 X lo3 
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Figu re 13 . 2 . Isoaxiometric P itot -Pressure Traces 
Model: d = 0. 300 inch 
POg = 60. 00 ps ig 
patm = 7 4. 53 em Hg 
t0 = 2630F 
Moo = 5. 71 
Red = 49. 4 x lo3 
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Figure 13. 2a. Isoaxiometric .Pitot-Pressure Traces 
Model: d = 0. 300 inch 
Pog = 35. 00 ps ig 
Patm = 74.33 em Hg 
T0 = 262<>F 
Moo = 5. 71 
Red= 32. 7 X Io3 
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Figure 1 3 . 3 . I soaxiometric Pitot-Pressure Traces 
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Figure 13. 3a. Isoaxiometric Pitot-Pressure Traces 
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Figure 13.4a. I soaxiometric Pitot-Pressure Traces 
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Figure 13. 5. Isoaxiometric Pitot-Pre ssure Traces 
Model: d = 0. 200 inch 
Pog = 59. 48 psig 
Patm = 74. 67 em Hg 
T0 = 263°F 
Moo = 5. 71 
Red = 32. 7 X lo3 
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Figure 13. 6. Isoaxiometric Pitot-Pressure Trac es 
Model: d = 0. 200 inch 
Pog = 22. 48 ps ig 
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Fig ure 13.7. Isoaxiometric Pitot-Pressure Traces 
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Figure 13. 8. Isoaxiome tric Pitot-Pressure T races 
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Figure 13 . 9 . Isoaxiometric P itot-Pre ssure T r ac e s 
Model: d = 0. 100 inch 
Pog = 59. 42 ps ig 
Patm = 74.54 em Hg 
To = 2630F 
Moo= 5. 71 
Red= 16.3 X 1o3 
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Figure 13. 9a. Isoaxiometric Pitot-Pressure Traces 
Model: d = 0. 100 inch 
Pog = 22. 54 ps ig 
Patm = 74.56 em Hg 
T0 = 2620F Moo= 5. 68 
Red= 8. 28 X lo3 
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Figure 13 . 10. Isoaxiometric Pitot-Pressure Trac es 
Model: d = 0. 100 inch 
Pog = 22. 54 ps ig 
Patm = 74. 56 em Hg 
T- = 2620F 
Moo = 5. 68 
Red = 8. 28 X lo3 
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Figure 13. lOa. Isoaxiometric Pitot-Pressure Traces 
Model: d = 0. 100 inch 
Pog = 3. 84 ps ig 
Patm = 74. 71 em Hg 
To = 260°F 
Moo = 5. 58 
Red = 4. 29 X lo3 
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Figure 13 . 11. Isoaxiometric P i tot- Pressure Traces 
Model: d = 0. 100 inch 
Pog = 3. 84 psig 
Patm = 74. 71 em Hg 
T0 = 260°F 
Moo= 5. 58 
Red= 4. 29 x HP 
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Figl:lre 13. lla. Is oaxiometric Pi tot -Pres sure Traces 
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are shown in Figure 13. Figures 13. 1 a, 13. Za, 13. 3a, and 13. 4a 
represent enlarged versions of the flow field around the neck. Figures 
13. 9a, 13. lOa, and 13. 1la are the same as Figures 13. 9, 13.10 and 
13. ll, respectively, but they are presented in reduced scale for vertical 
distance. Tunnel-empty surveys were made for each station of Figure 13 
as a check on the quality of flow. 
STATIC-PRESSURE MEASUREMENTS 
Because of the extremely low static pressures measured, it was not 
practical to use the small variable -reluctance transducers shown in 
Figure 5 . Attempts were made to use adaptations of these transducers 
with the static-pressure probe (shown in Figure 14) inside the wind tunnel; 
however, the inherent inaccuracies of the carrier -amplifier system 
prevented this scheme. Therefore, a very sensitive pressure transducer 
was employed. Transducer size, however, made the assembly of a 
pressure probe around the transducer impractical for measurements 
inside the wind tunnel. The time constant of the static -pressure 
recording system was approximately two seconds . Despite extensive 
precautions to prevent leakage (i. e. , use of vacuum grease and glyptol 
at joints), it was necessary to encase the transducer in a vacuum 
vessel to obtain the required accuracies . In this manner, the pres-
sure differential across any face was made very small . 
The overall schematic of the static pressure recording system is 
shown in Figure 15. With the silicone manometer used, pressures could 
be read to an accuracy of ±1 I 10 micron of mercury. The valve sequence 
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STATIC PRESSURE ORIF ICES 
J HOLES 17'1 D RILl-0.0 10" DIA 
Figure 14, Static -Pressure Probe 
was designed to prevent two occurrences: the loss of silicone into the wind 
tunnel and the entry of atmospheric air into the pressure-recording s y stem. 
To evacuate the entire system, two 1 -hp vacuum pumps w ere ope rated 
constantly for several weeks before recording final data. The reference 
pressure on the transducer was maintained at about four microns of 
mercury; it was measured by a conventional Stokes gauge equipped with a 
liquid-nitrogen cold trap. As with the pitot-pressure measurements, the 
static-pressure recording system was calibrated by varying the stagnation 
pressure of the wind tunnel over a wide range. The electronic circuitry 
shown in Figures 7 and 8 was also used for the static -pressure recording 
system . 
~~=====-=:::::... 
VAC 
PUMP 
TO 
ATM 
VALVE SEQUENCE 
SHUTDOWN AND ZERO 
5 CLOSED 
1 CLOSED 
4 OPEN 
Z CLOSED 
3 OPEN 
6 OPEN 
MANOMETER 
4 CLOSED 
5 OPEN 
1 OPEN 
3 CLOSED 
Z OPEN 
6 CLOSED 
READ/VACUUM SHUTDOWN 
l CLOSED 
J OPEN 
4 CLOSED 
5 OPEN 
1 OPEN 
6 OPEN / CLOSED 
S!UCONE 
MANOMETER 
ro DISTA NCE 
RECOR DI I'.'C 
C IRCUIT 
! + RACK~ 
JWN!ON 
HELl P OT 
POTENTIOMET ER 
VAC 
TRANSDUCER 
Figure 15. Static-Pressure Recording System 
~ 
~ 
- 45 -
T o establi sh the fact that the pressure was constant across the wake, 
as expected from theory (discuss ed in Section V of this thesis), several 
vertical static -pres sure surveys were made for various -sized cylinders 
at different axial locations. A typical vertical stati c - pressure survey is 
shown in Figure 1 6 . It should be noted that the static pressure is constant 
across the wake and almost constant up to the trailing shock. 
To test the two -dimensionality of the flow field behind the cylindrical 
rod, the appar atus shown in Figur e 1 7 was designed. H ere, a conventional 
lathe bed was used to drive a static-pressure probe horizontally. Again, 
distances were converted to voltages by the electronic circuitry shown 
in Figures 7 and 8. T y pical horizontal static -pressure traces are shown 
in Figure 18. Several trace s u r veys were made at various axial positions 
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Figure 1 6 . T ypical Vertical Static -Pr es sure Survey 
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CONVENTIONAL LATHE B E D 
Figure 17. Horizontal Traversing Mechanism for Static-Pressure Probe 
downstream of the 0. 300 and 0 . 100 -inch models. These surveys revealed 
that a disturbance originated ahead of the intersection of the model with 
the side walls of the wind tunnel. As a result of these tests, the limits of 
two -dimensional flow (Figure 19) were identified. As noted, the distance 
L 2 , was a function of model size and wind tunnel stagnation pres sure -D 
(Figure 21 ). 
As with the pitot-pres sure probe, the angle -of -attack sensitivity of 
the static-pressure probe was obtained through use of the mechanism 
shown in Figure 11. The results of this experiment are shown in 
Figure 20 . Unlike the pitot-pressure measurements, however, the flow 
inclination around the static -pressure probe is very nearly zero; therefore, 
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the only error in angle of attack is due to installation which is estimated 
to be accurate to less than 1 degree (the order of magnitude of the flow 
uniformity). The static pressure is not a minimum at zero angle of 
attack (Figure 20) because the three static-pressure holes (Figure 14) 
were not symmetrical about the horizontal axis of symmetry. 
After establishing that the pressure was constant across the wake-
and after identifying the boundaries of the two -dimensional region behind 
the model-static-pressure traces were taken along the centerline of the 
wind tunnel and behind the models for the 11 conditions cited in Tabl e I. 
The results of these tests are shown in Figure 21. As with the pitot 
traces, the static-pressure traces were again checked by measuring the 
pressure at several different stations on various days. Estimated 
accuracy of the static -pressure measurements is ~p = ±0. 005. As w ith 
Poo 
the pitot-pressure measurements, all axial static pressure traces were 
supplemented by corresponding tunnel-empty surveys. 
TOTAL-TEMPERATURE MEASUREMENTS 
At first, attempts were made to measure total temperature with an 
unheated thermocouple. However, this naive experiment using a bare 
wire was unsatisfactory because the flow R eynolds number was very low 
and varied over a wide range. Also, as shown in Figur e 22, the adiabatic 
wire temperature (i.e. , the temperature associated with infinite aspect 
ratio) is higher than the temperature measured by the thermocouple; this 
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ADIABATIC WIRE TEMPERATURE 
TEMPERATURE 
SUPPORT TEMPERATURE 
- 1 0 
FRACTION OF SEMI- SPAN 
Figure 22. Typical Temperature Distribution for Wire with 
Unheated Supports 
is attributable to the fact that the support temperature is lower than the 
temperature at the center of the wire. A detailed discussion of this 
problem is presented by Dewey (Reference 14) wherein the end losses for 
hot wires are investigated. The correction associated with the tempera-
ture difference between the adiabatic wire temperature and the 
thermocouple -measured temperature can be of the same order of 
magnitude as the total-temperature differential being measured, especially 
for turbulent flow. 
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[
SET 
Figure 23. Heated Thermocouple 
Total temperature was ultimately measured by the heated 
thermocouple shown in Figure 23, the details of which are given in 
Appendix B. Although the autograph was again used to record data, it 
was employed as a potentiometer rather than a null recorder. 
Because each total-temperature trace required several hours, only 
the traces shown in Figure 24 were taken with the corresponding tunnel-
empty data. These traces were considered adequate for defining total-
temperature variation in the wake as a function of Reynolds number-
especially since the percentage variation of absolute temperature is small 
(except in the vicinity of the neck) even for laminar flow. 
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When the tunnel-empty data were reduced, they confirmed th e 
calibration of reservoir temperature (discuss ed in Appendix A ) to within 
3 F. This difference is well within the value of T IT = 0. 95 ±0. 01 for 
aw o 
continuum flow given by Laufer and McClellan (Referenc e 24). Although 
the absolute level of free -stream total temperature was accurate to within 
3 F, the total-temperature distributions are even more satisfactory because 
they represent modulated values about an absolute level. The accuracy of 
the thermocouple measurements is estimated at ±1 I 2 F. 
BASE -PRESSURE MEASUREMENTS 
To extrapolate the measured static -pressure traces in the wake, 
upstream, it was necessary to measure the base pressure of the model 
accurately (Section IV). The apparatus shown in Figure 25 was designed 
for this experiment. To obtain base -pres sure measurements, the model 
was placed in the region of best flow-22 inches downstream of the throat. 
The best flow region was determined by the wind tunnel calibration 
discussed in Appendix A. Only the 0. 300 -inch-diameter cylinder was used 
because of the finite size of the static-pressure orifices . The 0. 009-inch 
diameter (Figure 25) was as small as practicality permitted, and it 
corresponded to about 3 degrees for a 0. 300 -inch diameter. 
This experiment utilized three holes to check data duplicability; this 
was accomplished by blocking one or two holes. After duplicability was 
established, the time constant of the total system was considerably reduced 
by simultaneous use of the three holes. Pressure system volume was kept 
- 56 -
~ 
TO A NGLE- O F-ATTACK 
RECORDING SYST E M 
Figure 25. Apparatus for Measuring Base Pressure 
to a minimum by filling the hollow cylinder with solder, leaving only a 
minimum diameter outlet open. The pressure -recording system for this 
experiment is identical to the system discussed earlier for static -
pressure measurements . The calibration counter ( Figure 25) had a 
100 -to -1 turn ratio, permitting the angles to be measured to ±0. 01 degree. 
The base-pressure measurements determined b y this experiment 
are shown in Figure 26b. This figure also plots the author's best estimate 
of the data of Tewfik and Giedt (Reference 25) whose experiments were 
made at a much lower Reynolds number than the present tests . In 
Figure 26b the region of reverse flow is evident, especially at high 
stagnation pressure. Accuracy of the base-pressure measurements 1s 
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estimated at ~p(6)/p(O) = ±0. 02 for the lowest stagnation pressures as 
determined by the symmetry of the experimental data about the rear 
stagnation point. For the highest stagnation pressures, the accuracy is 
estimated at~p(8)/p(O) = ±0. 01. 
In addition to the base-pressure measurements, the pressure 
distribution was measured over the entire surface of the cylinder with the 
setup shown in Figure 25. However, in this case, a conventional unbonded-
strain-gage transducer was used because the sensitivity required was not 
large. The arrangement is shown in Figure 27. With this arrangement 
either atmospheric or vacuum reference could be utilized depending on the 
range of pressures being measured. The manometers A and B shown in 
Figure 27 refer to the outlets shown in Figure 7. 
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Figure 2 7. Transducer Circuitry for Base -Pres sure Measurements 
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Demetriades (Reference 26) integrated the pressures obtained from 
this experiment and calculated a drag coefficient of 1. 2 7 for the cylindrical 
rod as compared to a value of 1. 2 to 1. 3 as predicted by Ferri 
{Reference 27). The pressure distributions obtained are shown in 
Figure 26a. This figure also plots the values of Tewfik and Giedt 
(Reference 25). The accuracy of the data of Figure 26a was determined 
only by graphical reading error (p(8)/p(O) = ±0. 002). 
As seen in Figure 26a, the dimensionless pressure distribution 
around the cylinder up to 8 = 90° is practically independent of R e ynolds 
number in the range considered. This is attributable to the fact that the 
effective shape of the cylinder does not change appreciably. It is obvious 
that the base pres sure is a function of Reynolds number which will be 
discussed in Section IV. 
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III. DATA REDUCTION 
PITOT PRESSURE 
Reynolds number corrections to measur e d pitot pressur es are shown 
in Figure 28 , which is taken from Matthews (Reference 28). For the 
present tests, the outside diameter of the glass tip used for pitot measure -
ments (Figur e 6) was chosen to preclude corrections when reducing the 
experimental data. The outside diameter a llowed sufficient resolution in 
pitot pres sure (Figure 9 ); the inside diame ter was large enough to prevent 
the time constant of the pressure-re cording system from being noticeabl y 
penalized. No account was taken of the effective displacement of 
1.12 ~--------------------------------~j_~d--------------------------------, 
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Figure 28. Variation of Measured Impact Pre s sure With Reynolds Number 
(Figure from Reference 28) 
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streamlines caused by velocity gradients pre sent in the wake. This problem 
is discussed by Hill, Baron, and Schindel, (Reference 29) and Marson and 
Lilley (Reference 30) . The correction was estimated to be less than 10 
percent of the wake widt h for the worst case, i.e., in the vicinity of the 
neck. This subject is presented in greater detail in a subsequent section 
dealing with a discussion of accuracy. 
STATI C PRE SSURE 
To cor r ect the values o f stati c pressur e fo r boundar y -laye r 
effects as measured by the p r obe shown in Figur e 14, Matthews' data 
(Reference 28) we r e used as shown in Figur e 29. These dat a were 
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taken for static-pressure probes of the same geometry as that used for the 
present tests. The calibration point for the present tests is shown 1n 
Figure 29. Based on this point, a value of the viscous interaction 
parameter, X, was calculated. A linear variation was then assumed for 
the value of measured pressure to ideal pressure as a function of the 
viscous interaction parameter, 
p I p = 1 + o. 235 X. 
m 
As expected, this variation is less than that for an insulated flat plate as 
discussed by Hayes and Probstein (Reference 31, p. 349). 
TOTAL TEMPERATURE 
The temperature as measured by the heated thermocouple 
{discussed previously in Section II) is the adiabatic wire temperature 
associated with infinite aspect ratio. However , the adiabatic wire 
(2) 
temperature must be corrected for Knudsen number to obtain the true total 
temperature. This correction was accomplished with the data shown in 
Figure 30 which is based on Dewey's work (Reference 14). The ordinate 
is normalized so that the asymptotic value for free-molecule flow is 
equal to one and the asymptotic value for continuum flow is equal to zero. 
The values for free-molecule flow and continuum flow correspond to 
7 
ratios of adiabatic wire temperature to total temperature of 6 and 0 . 95, 
respectively. 
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Figure 30. Recovery Temperature Versus Knudsen Number 
(Figure from Reference 14) 
IBM 7090 COMPUTATION 
As explained previously, two iterations were necessary to reduce 
the experimental data. The static pres sure as measured by the probe 
required a correction for the viscous interaction parameter, and the 
total temperature as measured by the thermocouple required a correction 
for Knudsen number. Neither the 'viscous interaction parameter nor the 
Knudsen number were known beforehand. Also, inasmuch as the laminar 
theory (Section V) is developed in terms of transformed coordinates which 
involve running integrals, it was decided to reduce the experimental data 
by programming them for 7090 computation. 
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To provide total-temperature distributions for all the cases of 
interest (Figure 24), all the available total-temperature measurements 
were first reduced. Utilizing Reynolds number correspondence, the 
distributions were then used as input data to the IBM program for all the 
cases. This procedure was considered satisfactory for two reasons: 
( l) data existed for both laminar and turbulent flow, and (2) the defect in 
total temperature was less than 3 percent in terms of absolute 
temperature - except for the cases upstream of the neck. 
In the computations, the Mach number was then determined by 
standard compressible - flow techniques (Reference 32) using the corrected 
values of static pressure and pitot pressure. With the Mach number and 
the assumed value of total temperature, all other pertinent quantities 
could be computed. The IBM 7090 program was written so that all 
quantities of interest were printed out and automatically plotted by a 
cathode- ray tube. 
DISCUSSION OF ACCURACY 
As noted in the preceding portions of this section, the accuracy of 
each measurement was carefully identified. However, because of the 
many involved calculations necessary in obtaining final data, the accuracy 
of the final product can only be roughly estimated. To estimate the 
cumulative error, the following factors were considered. 
All location and dimensional measurements were made to an 
accuracy of ±0. 001 inch and all distance-measuring devices were 
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carefully calibrated at thermal equilibrium. A minimum of several hours 
was a llowed for reference-pressure stabilization, and a minimum of several 
minutes was allowed for model surface and base static-pressure stabilization. 
Flow uniformity was perhaps the most critical parameter in the 
experiment al data. This fact became evident when models were tested a t 
various axial locations in the wind tunnel (Section II). Closely associated 
with flow uniformity is the region of two-dimensionality cited in the static-
pressure measurements discussion in Section II. The effect of the variation 
of static pressure due to disturbances from the model supports is somewhat 
alleviated, however, because the theory (discussed later in Section V) is 
based on actual edge conditions. 
The manner in which the wake edge was defined (discussed later in 
Section V) presents a potential source of final data error; however, even 
at best the wake edge is an arbitrary quantity. The extrapolation of static 
pres sure upstream in the region of the neck (a detailed discussion is 
presented in Section IV) is estimated to be within 5 percent. The use of 
Reynolds number correspondence to determine total-temperature profiles 
in data reduction (already cited in this section's discussion of IBM 7090 
computation) is not considered a large source of error. 
Although repeatability of experimental data was relatively simple 
to establish quantitatively, all errors associated with probes could not be 
determined. For example, the pitot-probe error associated with velocity 
gradient was not determined. As discuss ed by Hill, Baron and Schindel 
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(Reference 29) and Marson and Lilley (Reference 30}, impact measure-
ments do not reflect the pitot pressure on a streamline aligned with the 
probe axis; rather, these measurements reflect pitot pressure on the 
streamline displaced towards the regions of higher velocities. This 
phenomenon was not considered because reliable correction data were not 
available. This effect was minimized, however, by keeping the diameter 
of the impact-pressure probe as small as possible (Figure 6}, and it is 
estimated that the maximum displacement due to this effect is 0. 007 inch. 
Probe errors caused by misalignment with the flow direction were not 
considered significant (Figures 12 and 20 ) because the error in the probe 
angle of attack was less than l. 0 degree . 
Fortunately, the machine computations do not introduce additional 
er rors due to arithmetic. However, when the experimental data was 
digitized some error was accepted because onl y a finite number of points 
could be taken. As discussed previously, the methods of reducing 
experimental data to ideal quantities are somewhat inaccurate. In all 
cases however, the experimental apparatus was designed to ensure that 
these corrections were small; consequently, little accuracy loss was 
experienced. 
Assuming that the edge of the wake was properly defined, it is 
estimated that the overall accu r acy of the final experimental data is from 
2 to 4 percent for the distributions of normalized velocity, static 
enthalpy, and total enthalpy except in the immediate region of the neck. 
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It is estimated that the computed absolute values of the centerline 
quantities is accurate to within 5 percent. The major source of error is 
considered to be the extrapolation of static pressure upstream which is 
worse in the neck region. 
- 68 -
IV. CONDITIONS NEAR BODY 
The orifices of the static-pressure probe (Figure 14) were located a 
fixed distance behind the apex of the probe cone; therefore, it was not pos-
sible to obtain experimental values of static pressure close to the neck. 
The difficulty this presents is illustrated in Figure 31-where data between 
Stations 1 and 2 are undetermined. Consequently, it was necessary to 
estimate the static pressure in the vicinit y of the neck from available data. 
Unfortunately, because the axial gradient in static pressure is high the 
extrapolation upstream of the measured data is inaccurate unless a value of 
the s t atic pressure at the neck is available . 
FLOW FIELD 
MEASURED STATIC PRESSURE 
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Po ~---------------------------------------------------.. 
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Figure 31. Experimental Static Pressure 
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SEPARATION ON CYLINDER 
The first step in estimating the static pres sure at the neck was to 
define the conditions at separation on the cylinder. From the base -pres sure 
measurements (Figure 26), a qualitative definition of the separation angle 
with Reynolds number is possible; however, the 0. 009-inch diameter of the 
static-pressure orifices of the hollow cylinder (Figure 25) prevented the 
separation angle from being defined closer than 3 degrees in angle which 
corresponds to the orifice diameter for the 0. 300-inch-diameter cylinder. 
The problem is further aggravated by the fact that at separation the flow 
turns through an angle before sliding down the shear layer. 
To attack this problem, the simple schematic shown in Table II was 
developed to define the quantities of interest. The base-pressure measure-
ments discussed in Section II were then exploited. From pitot-pres sure 
surveys immediately behind the body (Figure 32), it was demonstrated 
experimentally that the separation shock is negligibly weak-i.e., there 1s 
no total pressure loss through it locally. Therefore, the separation shock 
was neglected in the simple model of Table II. The turning angle at 
separation was approximated by the step model shown in Figure 33. As 
shown by LeBlanc and Webb (Reference 33) in Figure 34, for laminar flow 
the pressure at separation, p , is halfway between the initial and final 
s 
pressures. This conclusion, which is supported by experimental evidence 
taken from Chapman's work (Reference 34), is applicable even for finite 
pres sure gradients. 
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Table II Conditions for S e p a r a tion o n C y lin d e r 
Pog Moo Red 9s M1 Ms M2 9c Cl Pb/ Po 
psig X IQ-3 degrees degrees degrees X 103 
85. 00 5.87 61.4 123. 3 3.72 3.24 3.03 18. 3 15. 0 0.849 
60.00 5. 83 46. 9 123.0 3 .74 3.26 3. 01 19.6 13 .4 0.892 
35. 00 5.79 31 . 6 123.8 3.79 3 .30 1.00 21.8 12.0 0. 927 
10.00 5.74 15.9 127.0 3.88 3. 38 2.99 26.2 10.8 0.990 
0.00 5 . 71 9.60 131 . 5 4.01 3.51 3.02 30. 3 11 . 2 0.960 
Tewfik 5 . 73 4.10 147.0 4.29 3.77 3.10 38.8 18.2 0 . 839 
& Giedt 
pp 
X 102 Po 
3 
2 
DATA 
1--~r-------+--OFF 
SCALE 
d =0 .300 IN . 
x/d = 0 .50 
p 
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Hakkinen, Greber, Trilling and Abarbanel {Reference 35) have shown 
that for the step model of Figur e 33 
{3) 
where 
c is the pres sure coefficient, ~p p q 
cl is a constant 
is the dynamic 1 2 q pres sure, 2 pu 
is the skin friction coeffi cient, 
r 
cf q 
{3 is equal to JM2 -1 
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M is the Mach number. 
Utilizing first-order perturbation theory (e. g. Reference 36, p. 92) 
where 
y is the specific-heat ratio 
()c is the turning angle 
Since the skin-friction coefficient varies as (Reference 37} 
where 
where 
then 
l 
Re 1 1 is the Reynolds number based on local conditions and the oca 
length of laminar run, and assuming that 
l l 
_____ ,.._, ----
VRelocal J Red 
Re is the Reynolds number based on free -stream conditions and 
d 
the model diameter, 
P2 
173; () = c --
c r::--
v Red 
P2 
2- = l + c ps 
YM 
2 
l 
(4) 
(5) 
( 6) 
(7} 
( 8) 
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where for our case (Table II) 
() , . = () - !!_ - a ~ s 2 (9) 
and M1 is the M ach n umber w hich would exist a t () 8 without separation. 
The assumption of Equation 6 is reasonable based on Chapman's (Re f e r ence 
38) orde r-of-magnitude analysis of base-pressure coefficients. 
It should be noted that the s t ep model used above assumes zero pres-
sure g radient. With finite pres sure gradi ent, the constant, C, in Equations 
7 and 8 merely changes value as shown by Grebe r (Reference 39 ). To 
determine the constant, C, for this case, base-pressure data we r e corre-
l a t ed with schlieren photographs from which the a ngle of shear layer was 
obt ained. (It should be noted that schlieren photographs in cases where the 
shear laye r was well defined we r e availabl e only for the highest pressures. ) 
For the circular cylinder, the value of the consta nt, C, in Equations 7 and 
8 was found to be equ a l to 2. 66 for the circular cylinder based on these 
experimental data . It is inte r esting to note that, as pointed out by Guman, 
(Refe rence 40) C = 1. 1 for the following cases: ( 1) a compression corner, 
lamina r separation upstream of the corner but downstream of the l eading 
e d ge, (2) a step corner the h e ight of which is on the order of several 
boundary-layer thickness, laminar separation upstream of the corner but 
downstream of the leading edge , and ( 3) pure laminar sepa r a tion induced by 
an incident shock. For a compression corner with laminar l eading- edge 
separation, a value of 2. 1 checks with availa ble expe riment al data. 
An a ttempt was made to predict the angle of the shear l aye r by 
expanding the flow from 90 degrees on the cylinder to the base pressure by 
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simple wave mechanics. However, it was found that this procedure 
produced shear-layer angles approximately 4 degrees too high, based on 
experimental data. From these calculations, it was concluded that the 
expansion from parallel flow at e = 90 degrees to the base pressure cannot 
be approximated by a simple wave. 
Once the constant, C, was established in Equations 7 and 8, the data 
given in Figure 26b was then utilized to give the quantities tabulated in 
Table II. Final results of these calculations are shown in Figures 35, 36, 
and 37. In Figure 35, two methods of non-dimensionalization are used; 
the different curves represent the effect of the change of free-stream Mach 
number with wind tunnel stagnation pressure. To extend the present tests 
into the regime of lower Reynolds number, the data of Tewfik and Giedt 
(Reference 25} are also presented. The points represent the author's best 
interpretation of the data of Reference 25. 
CONDITIONS AT NECK 
Having obtained plots of separation angle, (} s, and effective initial 
Mach number, M 1 , as functions of Reynolds number (Figures 36 and 38} 
from the base-pressure measurements by means of the simple model dis-
cussed in the preceding portion of this section, these data were then used to 
obtain values of static pressure in the neck region. The Mach number M 1 i1 
a fictitious quantity and can be interpreted as the Mach number that would 
be obtained at (Js if separation did not occur. The quantities of interest in 
this analysis are shown in Table III. The shear layer was assumed to be a 
-pb 3 
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P
0 U~~~~--
M"' (-)~ PJ- - ~ -;T 
p d tum - . 
"' 
Model: d I'Og Patm T0 M"' Red MJ M, tf s a M7 t'2fP., t/J € M:l ~3/p"' ~turn_£[£_"'+-.,--
inch psig em Hg OF x I0-3 degrees degrees degrees degrees 8 1- x/ d 
0,300 85.00 74.69 263 5,69 66.5 3.72 3.23 123.5 15.6 3.03 1.09 15. 7 -1.3 2. 32 2.99 1.77 2.75 2.50 
2.32 2.00 
0 .300 60.00 74.53 263 5.71 49.4 3.73 3.25 123.0 13. 6 3. 00 1.14 15. 6 - 1.7 2.41 2.67 2.01 2.66 2.50 
2.28 2.00 
0.300 35.00 74.33 262 5.71 32.7 3.79 3.30 123.7 12.1 3.05 1.15 15.8 -1.5 2.48 2.47 2. 22 2,59 2.64 
2.27 2.14 
0.300 10.00 74.36 262 5.64 16.7 3.87 3. 38 126.7 10.8 2. 99 1.15 15.5 -2.1 2.56 2.17 2.40 2.27 2. 50 
1.98 2.00 
0.200 96,68 74.44 264 5.69 49.3 3.74 3.25 123.0 13.6 3.01 1.13 16.2 -o.9 2.39 2.78 2.01 2.82 3. 00 
0 .200 59.48 74.67 263 5.71 32.7 3.79 3.30 123.7 12.1 3.01 1.14 15.7 -1.7 2.49 2.45 2. 22 2.59 3,00 
0.200 22.48 74.57 262 5.67 16.6 3. 87 3.38 126.8 10.9 2,99 1. 16 15. 7 -1 ,9 2.55 2.23 2.38 2.34 3.00 
0.200 3.80 74.69 260 5.58 8.58 4.04 3.54 132.9 11.6 3. 03 1.06 15.7 -1.5 2.53 2.21 2. 12 2.19 3.00 
0.100 59.42 74.54 263 5.71 16.3 3. 87 3.38 126.9 10.9 2.99 1.18 16.5 - 1.0 2.50 2.40 2.38 2.65 3.00 
0.100 22.54 74.56 262 5 .68 8.28 4.05 3.55 133.4 11.8 3.03 1,09 17.0 -o. 1 2. 45 2.55 2.08 2.78 3.00 
0.100 3.84 74.71 260 5.58 4.29 4.28 3.75 146.2 17.9 3. 10 0.95 17.0 +0. 2 2.16 3.34 1.28 2.97 3.00 
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line which the flow paralleled before undergoing a turn which induced the 
trailing shock. The separat ion angle () s, and the fictit ious Mach number, 
M 1 , we r e used as basic q u antities t o def ine the flow. They were thus 
employed because t heir varia tion w i t h Reynolds number was smooth 
(Figures 36 and 38) . Using E quations 7 and 8 as well as t h e experimental 
value of the trailing s h ock angle, ¢ , whi ch was obtained from pitot-pres sure 
measurements, t he quant i t ies given in Table I II can be easily ca l culated 
through use of s t anda r d two - dimensional comp ressibl e - flow t echniques. 
It should be indicated that at least one redundancy is present for these 
calculations (the expe timent al value of the p itot pres sure a t the neck) which 
serves as a check. 
6 
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Figure 38. Mach Number Versus Reynol ds Number 
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Both the pitot- and static-pressure gradients are high in the neck 
region; however, the Mach number at the edge of the wake is relatively 
constant. Also, the precise axial location of the neck is unknown. There-
fore, the static pressure, p 3 , was obtained using the calculated value of 
M 3 and the experimental value of the pitot pressure at the axial stations of 
interest. These data were then used to obtain the extrapolated curves shown 
in Figure 21. In Table III, the effective wake growth at the neck, E, is 
negative in most cases because the flow is accelerating in this region. 
NECK WIDTH AND NECK DRAG 
As will be discussed in Section V, the value of the momentum 
thickness and wake width at the neck must be known as initial conditions for 
theoretical analyses. Lees and Hromas (Reference 10) have estimated 
these quantities and shown that they should vary as (Red) - 112 based on 
estimates of skin friction around the body and the pressure rise at the neck. 
Experimental values are shown in Figure 39 based on the present tests. In 
Figure 39, 11 points are shown corresponding to the combinations of 
cylinder diameter and Reynolds number given in Table I. The wake width 
was obtained from pitot-pressure measurements and the momentum thickness 
was calculated from experimental data. The axial location of the neck was 
taken at x/ d = 2. 50 for the 0. 300 -inch diameter cylinder and x/ d = 3. 00 
for the other models (Table III). Figure 39 shows that these quantities do 
-1/2 
vary as (Red) The scatter of Figure 39 is probably due to the effect 
of the velocity gradient on pitot measurements discussed in Section II. 
1.0 
(y/d)neck 
0.10 
(B/d)neck 
.01 
Od = 0.300" 
.6 d = 0.200" 
0 d = 0 .100 
M00 = 5.7 nominal 
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Figure 39. Wake Width and Momentum Thickness at Neck 
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Marson and Lilley (Reference 30) have shown this to be on the order of 
0 . 18 times the outside diameter of the pitot probe - approximately 0. 007 
inch in the case under discussion (Figure 6). Also, the exact axial 
location of the neck, which varies with Reynolds number, was not known 
(Table III). 
- 8 3 -
V. THEORETICAL CONSIDERATIONS AND 
COMPARISON WITH EXPERIMENT 
DEFINITION OF WAKE EDGE 
Before the laminar wake can be treated theoretically, the edge 
conditions of the wake must be known-- either from in viscid flow field 
calculations or from experiments {Appendix D). In the case under 
di s cu s sion, several exploratory computations were made to determine the 
be s t definition of the wake edge. It was finally concluded that the wake 
edge as seen from the pitot-pressure profiles was the be s t definition of 
thi s nebulous quantity. 
For its determination, the intersection of the Gaussian-type, 
pitot-pressure profile with the inviscid outer wake was selected from 
the experimental data. A typical pitot-pressure profile. where this 
intersection is fairly well defined, is shown in Figure 9a. It was 
extremely difficult to define the wake edge for the turbulent wake {Figure 
9b} from this program's experimental data. Therefore, the hot-wire-
anemometry data of Demetriades {Reference 11} was used to define the 
wake edge in the turbulent region. Wake widths are shown in Fig ure 40. 
For x/d < 6, the wake is still undergoing internal adjustment processes; 
therefore, no simple similarity has yet been established. This adjustment 
is evident in the wake widths shown in Figure 40. 
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LAMINAR WAKE 
As shown in Appendix D, the governing linearized equations for th e 
static-enthalpy excess and velocity defect in a laminar wake with stream-
wise pressure gradient are 
..E_ (~ - 1) = ox h a 
e 
1 
where the transformed coordinates are defined as 
X 
_ = J pe ~'-e ue 
X p IJ. U 
co co co 
0 
dx 
d 
( 1 0) 
( 11 ) 
( 12) 
( 13) 
and the subscript ( ) refers to the edge conditions. 
e 
The static enthalpy 
excess can also be written in terms of the total enthalpy excess, G. 
where 
h 
h 
e 
- 1 2 ( Y- 1 2) = ( y- 1) M w+ 1 + --M G 
e 2 e 
G - H - 1 H 
e 
( 14) 
( 15) 
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Equation 14 allows for the solution of G after the static enthalpy excess 
and velocity defect are known. It should be noted that the only assumption 
of the above analysis are the usual boundary-layer approximations and that 
w << 1. The Prandtl number, a, is assumed to be constant, but it can be 
any value--not necessarily equal to one. 
Since for our case the total enthalpy excess in the wake, 
G<< w 
Equation 11 can be simplified to read 
2 
a 
_z 
ay 
The assumption that G<< w is true only if there is little heat transfer. 
( 16) 
( l 7) 
For actual reentry, this assumption may not be valid, and the exact in-
tegral solution given by Kubota (Reference 18) would have to be used. 
Equations 10 and 17 can be recognized as the simple heat diffusion equation; 
therefore, because the boundary conditions are homogeneous, simple 
closed-form solutions can be obtained if the initial conditions at the neck 
are assumed to be delta functions. These solutions are 
h 
h 
e 
- 1 B 
_2 
- f!:L 
4x 
=- e rx 
_2 
- y_ 
4x 
( 18) 
(19) 
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It should be noted that the static- enthalpy excess is similar regardless of 
the value of the heat transfer. The constants A and B can be determined 
from the initial drag in the wake (not necessarily at the neck) and the heat 
transfer from the body to the fluid. 
( 20) 
Q = ( 21) 
where 8 is the momentum thickness and the subscript ( ) 0 refers to the 
initial conditions (usually taken at the neck). 
Experimental comparison pf the simplified laminar- wake theory 
for the normalized distributions of velocity, static enthalpy, and total 
enthalpy are shown for three stations in Figure 41. It can be seen from 
Figure 41 that the assumption of a delta function as the initial condition 
affects the theoretical solutions; therefore, a satisfactory experimental 
check is not obtained until about 15 diameters downstream of the center of 
the cylinder. 
The experimental check of total enthalpy is exceptionally good at 
x/d = 15 because the tail portions of the velocity and static enthalpy curves 
(which do not compare favorably with experiment), tend to cancel out. 
Gold (Reference 41) has shown that for initial Gaussian velocity and 
enthalpy distributions of the form 
h-h 
--· hl.- h. 
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_2 
-ay 
= A' e 
= 
2 
B1 e -{3y 
( 2 2) 
(23} 
the problem of the laminar wake with streamwise pressure gradient can 
be dealt with theoretically by putting an initial delta function velocity distri-
l 
bution at a distance x0 = 4 a upstream of the origin and an initial delta 
a 
function enthalpy distribution at a distance x0 = 413 upstream of the origin. 
These results are equivalent to matching the initial distributions by suitable 
choice of x0 . 
Typical distributions of normalized static enthalpy and normalized 
velocity are shown in isoaxiometric form in Figure 42, where a non-zero 
value of x0 was used. In Figure 42 the change in shape of the normalized 
quantities from a Gaussian to a parabolic distribution at transition is 
evident. In Figure 43, a more practical scheme of non-dimensionalization, 
which does not depend on the wake "edge" is used for the abscissa. The 
results of Figure 43 are encouraging, considering the many varied inp.uts 
needed to obtain the experimental results. "Universal'' curves of normal-
ized static enthalpy anci normalized velocity are indeed possible. 
Values of the state properties along the wake centerline as predicted 
by the theory are also very good. The constants A and B were calculated 
according to Equations 20 and 21 for each case. Comparison of theory and 
experiment was within 10 percent for all cases. A typical calculation of 
the constants A and B is shown in Figures 44 and 45. To obtain the heat 
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transfer, the total enthalpy distribution was integrated across t he wake . 
If the centerline distributions of static- enthalpy excess and velocity defect 
are plotted for all the runs of Table I, the data shown in Figures 46 and 47 
are obtained. 
Figures 46 and 47 show that there is definitely a Reynolds number 
correspondence for th e laminar theory. The two runs which do not corre-
spond with the base line are fully turbulent. It should be noted that the 
static-enthalpy excess and the v eloc ity defect for the turbulent case also 
-l/2 
varies as (Red) when turbulence is fully established. Figures 46 and 
47 can also be used as a measure of transition. At transition, the values 
of velocity defect and static-enthalpy excess decrease much more rapidly 
than for the laminar case because of the more efficient mixing processes. 
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Appendix D shows the momentum thickness as predicted by the 
simplified theory is constant if modified by the edge conditions 
= 
( Pe ue Me 2)0 
p u M 2 
e e e 
To compare this aspect of the theory with experiment, Figure 48 was 
( 24) 
drawn where a typical laminar case is presented. The experimental point 
on the extreme right is in a region of turbulent flow. As discussed in the 
previous portion of this section, the wake is "adjusting" until x/d = 6 . 
There was no similarly satisfactory correlation of momentum-thickness 
data possible for the turbulent cases . 
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Also, as discussed in Appendix D, the laminar wake width can be 
predicted theoretically, 
t:i+(Y-1) ~~) 
0 
(25) 
where 
( 26} 
Comparison of experimental and theoretical laminar wake widths is shown 
in Figure 49 . Again, the experimental point on the extreme right is in a 
turbulent region. N = l 00 means that, for the theory, the edge of the wake 
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was assumed to be at the point where the wake velocity = 0 . 99 u ; N = l 000 
e 
means t hat the wake velocity = 0 . 999 u • Comparison between t heory and 
e 
experiment is surprisingly good, consi dering the nebulous nature of the 
wake width. 
TURBULENT WAKE 
The turbulent wake has been adequately treated theoretically by Lees 
and Hromas (Reference l 0); therefore, only a few general remarks will be 
made here. The theory presented in Reference l 0 is depicted graphically in 
Figure 50. Physically, it can be thought of as the penetration of an inviscid 
static- enthalpy profile by a turbulent boundary layer with initial width and 
momentum thickness. 
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Figure 50. Theory of Lees and Hromas 
Lees and Hromas (Reference 10), in order to obtain a definite inter-
section of the wake static-enthalpy profile with the static inviscid-enthalpy 
profile, assume that the static enthalpy distribution in the wake is parabolic. 
Integral methods are then used to solve the turbulent boundary-layer 
equations; thus, any definition of the distributions--except those originally 
assumed--are not products of theory. However, some assumption had to 
be made concerning the turbulent diffusivity at the centerline of the wake. 
They assumed that Townsend's (Reference 4) "universal '' Reynolds number 
for incompressible flow behind circular cylinders is also valid for the 
hyper sonic case. In particular, for the two-dimensional case, they 
asserted a constant value across the turbulent wake for 
where 
~u = ue - ut 
- 102 -
~uYT 
ReT = ?'T (27) 
Ye 
Y T is the Howarth- Dorodnitsyn variable for the wake edge f: dy 
0 00 
E is the equivalent turbulent diffusivity, T 
The total temperature 1n the wake was assumed to be constant in the 
theoretical treatment. 
Comparison of the Lees and Hromas turbulent theory with the present 
experiments was not rewarding because experimental data were not 
obtained far enough downstream. The wake grew very slowly and little 
change in state properties was obtained. However, theoretical calculations 
were made for this case utilizing a program written at the Space Technology 
Laboratories by Hromas. Inputs to this program involve the inviscid static-
enthalpy profile and initial conditions. 
To obtain the static- enthalpy profile, the shock shape as obtained 
from schlieren photographs was approximated by the equations shown in 
Figure 51. As suggested by Lykoudis (Reference 17), the body was then 
omitted and the flow expanded from the pressure at the bow shock to the 
ambient pres sure in the free stream. The results of this calculation are 
shown in Figure 51. It should be noted that the slope of the inviscid static-
enthalpy profile is very steep near the axis. Also of interest is the fact 
that, for x/ d > 9, the static- enthalpy profile obtained in this manner checked 
satisfactorily with experiment and with inviscid-flow calculations . 
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Figure 52. Theoretical Turbulent Wake Growth 
The results of the Hromas program a~re shown in Figure 52 which 
plots the static- enthalpy ratio and wake width. Figure 52 sho,ws that the 
swallowing process does not become effective until about 300 diameters 
downstream of the body because of the nature of the inviscid static-
enthalpy profile. This result was predicted by Lees and Hromas (Reference 
I 0) based on an approximate form of their final results. 
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VI. TRANSITION 
"UNIVERSAL" TURBULENT REYNOLDS NUMBER 
As discussed in the previous section, Lees and Hromas 
(Reference 10) assumed the Townsend value of "universal" turbulent 
Reynolds number of 12. 5 for the centerline conditions in the turbulent 
wake. To investigate this assumption experimentally, consider the 
momentum equation 
au au p u- +Pv- = ax ay 
at the centerline 
With 
w = 1 
then 
u 
u 
e 
o 2w Ordinarily, to, obtain --
2
- experimentally would be very inaccurate 
8Y 
because this quantity involves two differentiations of experimental 
(28) 
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data. Therefore, the method first proposed b y Kingsland (Refe r e ne e 1 3) 
to reduce diffusion m easurements was us ed. 
Assuming 
then 
w 
w<t. 
2 
2 
=l-ay+---
a w 
--2- = - 2 a w<t. + - - -
ay 
and expanding the logarithm of Equation 31 
ln w 
WCf. 
2 = - a 
y 
giving 
where the diffusivity number is defined by 
D = N ln wet 
lim y-o w 
The experimental plots of the diffusivity parameter jln -=~ 
w 
{3 2) 
{33) 
(34) 
{3 5) 
(3 6) 
versus vertical distance are remarkably good (Figure 53). From the s e 
data, it was then possible to obtain the slope of the diffusivity parameter 
versus distance to calculate the diffusivity number discus sed above. The 
diffusivity parameter was plotted in terms of transformed coordinates, but, 
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as expected, the results for the turbulent case became worse and those 
for the laminar case better. (The transformed diffusivity number was 
also used to give another indication of transition. ) 
To obtain experimental values of the Townsend Reynolds number via 
Equation 31, it is necessary to differentiate two experimental quantities 
which subtract from each other as well as the diffusivity number 
discussed above. Therefore, the determination of this quantity is crude 
at best. Other means of obtaining quantitive values of "universal" 
Townsend turbulent Reynolds number would be m or e desirable, e. g., 
diffusion measurements. R In any case, the tentative value, eT = 10 ±5, 
was obtained. This value agrees very well with that used by Lees and 
Hromas in their theoretical treatment (ReT= 12. 5). The results also 
compare favorably with those of Kingsland (Reference 13) where he 
estimated the value, ReT= 12. 
EXPERIMENTAL DETERMINATION OF TRANSITION 
As indicated in the foregoing discussion, a qualitative definition of 
transition could be obtained from plots of centerline state properties. 
Another definition is possible by calculating the Townsend Reynolds 
number discussed in this section. 
Perhaps the best definition, however, is obtained from plots of 
transformed diffusivity number versus axial distances (Figure 54). It 
should be noted in Figure 54 that the value of transformed diffusivity 
(a ) 
{b) 
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number in the turbulent region is much higher than for the laminar case. 
(In Figure 54a, Demetriades, Reference 11, found transition for these 
conditions near the neck, but no data point was claimed here . ) 
Using all available inputs, the results for these tests are superimposed 
on those of Demetriades (Reference 11) in Figure 55. For the 11 runs shown 
in Table I, seven transition points could be obtained-two cases being fully 
laminar and two cases fully turbulent. The comparison with Dem~triades' 
data is surprisingly good. Since the edge properties could be determined 
with the present measurements, it was possible to define a transition 
Reynolds number based on local conditions and distance from an effective 
origin. Its value was calculated as 85, 000. 
Some question may arise as to the mechanism of transition, because 
some difficulty has been experienced in obtaining laminar flow by other 
investigators. It should be pointe d out that Demetriades' data (shown in 
Figure 55) is a combination of several different- sized cylinders at several 
different axial locations in the wind tunnel. In addition, the regimes were 
confirmed b y Kingsland's data (Reference 13) wherein diffusion measurements 
were employed to investigate a fully turbulent and a fully laminar wake . 
Demetriades (Reference 26) has a l so successfully correlated the data of 
Slattery and Clay (Reference 42) on the present plot. 
Conclusive proof of the self-induced nature of the transition in the 
wake would be presented by the expe rimental investigation of the 
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character of the boundary layer on the wind tunnel's side walls. This was 
not done for the nozzle used in the testing reported here; however, 
since the present program was initiated, a new nozzle has been installed 
in Leg 1 of the GALCIT hypersonic wind tunnel; also, the boundary layer 
on the wind tunnel's side walls has been surveyed for p 0 = 3 5 psig. g 
The results of this survey show that transition of the boundary 
layer on the side walls does not take place until 25 inches downstream 
of the throat (Figure 3 ). In this respect, the previous nozzle should be 
better than the new nozzle , because it was considerably shorter. In 
the present tests, for the wind tunnel stagnation pressure of 35 psig, 
transition took place 23. l inches downstream of the nozzle throat. 
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VII CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 
An experimental investigation has been made of the flow behind a 
circular cylinder at a nominal free -stream Mach number of 5. 7. The 
Reynolds number was varied by changing both the diameter of the cylinder 
and the stagnation pressure of the wind tunnel --the former over a three-
fold range and the latter over a six - fold range. Enough measurements 
were made to define the flow field c01npletely as far downstream as 90 
diameters for the smallest cylinder and 30 diameters for the largest 
cylinder. 
From these measurements, transition from laminar to turbulent 
flow was defined in the wake and successfully correlated with other data. 
A "universal" Reynolds number for t r ansition based on edge conditions and 
the laminar length of the run was determined as 85, 000 . 
Correlation of the experimental data with Kubota's theory (Reference 
18) for laminar flow was then made. The theoretical prediction of center-
line values of static enthalpy and local velocity based on this theory were 
in excellent agreement with the experimental results. Distributions of 
static enthalpy, and local velocity in the wake agree with the theory if 
provision is made for an "effective" origin based on the wake width at the 
neck. The theoretical predictions of wake width and momentum thickness 
are also in close agreement with the theory. 
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Because of the nature of the tests conducted, it was not possible to 
correlate the experimental data with the turbulent theory of Lees and Hromas 
(Reference 10) since only very small differences in state properties were 
available in the turbulent flow regime. However, a qualitative experimental 
value of the Townsend Reynolds number for turbulent flow on which the 
theory of Lees and Hromas is based was obtained. Its value was determined 
as ReT= 10 ± 5. In order to study the turbulent regime in more detail, it 
is necessary to either heat or cool the body. This project has already been 
started at GALCIT. 
It is suggested that the theory be extended to account for real-gas and 
relaxation effects. Experimental verification could then be accomplished in 
facilities such as the hotshot and shock tunnel for the two -dimensional case . 
The laminar theory should then be extended to three -dimensions so that the 
wake properties behind an arbitrary body of revolution can be predicted with 
confidence for actual reentry conditions. 
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APPENDIX A 
FLOW CALIBRATION AND VISUALIZATION 
The calibration of the Tate -Emery gauge used to control the 
reservoir pressure was checked against a mercury manometer and found 
to be within the accuracy of automatic control(± 0. 02 psig). Atmospheric 
pres sure was measured by a conventional precision mercury barometer to 
an accuracy of ± 0. 01 em mercury. The calibration of the reservoir temper-
ature was checked using the iron-constantan thermocouple shown in Figure 
56, employing conventional apparatus. 
The thermocouple was located just upstream of the throat at the 
centerline of the wind tunnel. It was found that the dial setting was high 
because the thermocouple used for automatic temperature control was 
located about 12 inches upstream of the throat, consequently, losses 
through a section of the wind tunnel walls were pre sent before expansion 
through the nozzle. This fact accounts for the odd nominal temperature of 
262 F selected for the tests and the slight variation with pressure. The 
dial setting for reservoir temperature was maintained constant throughout 
the tests, and it was calibrated for the full range of reservoir pressures 
available (Table I). 
In the calibration of wind tunnel reservoir temperature, the recovery 
factor of the iron-constantan thermocouple was assumed equal to one 
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Figure 56. System for Calibrating Wind Tunnel Reservoir Temperature 
because the hot junction was located in a subsonic region of high pressure. 
The time constant of the temperature measuring system was very short 
because of the relatively high -pres sure air engulfing the thermocouple. 
The accuracy of the temperature calibration was well within the capability 
of the automatic control system (± l. 0 F). The results of these measure-
ments agree with those conducted by Wood (Reference 43) and Dewey 
(Reference 14) as well as w ith the wind tunnel empty measurements made 
by the author in conjunction with the wake surveys using a chromel-alumel 
heated thermocouple (Section II). 
To calibrate the wind tunnel, a conventional rake shown in Figure 57 
was used. The rake was connected to a bank of silicone manometers which 
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Figure 57. Rake Installation 
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were read manually. These data were then fed into an IBM 7090 program 
to obtain pressure contours, a few typical contours are shown in Figure 58. 
From these contours, it was evident that the flow was very uniform in the 
region immediately downstream of the cylindrical model ( 19 to 24 inches 
from the throat). It should be noted that the flow deteriorates with decreas-
ing wind tunnel stagnation pressure so that the contours of Figure 58 
represent close to the worst conditions. 
A schlieren photograph of the flow around the model is shown in 
Figure 1. To obtain this schlieren, the model was embedded in the glass 
ports of the wind tunnel in which were drilled l I 4-inch holes approximately 
l /4-inch deep for support. These holes were very carefully and slowly 
drilled into the ports in order to avoid stresses in the glass. This 
procedure , which allowed for easy model installation and minimum leakage 
at the model supports, was possible because the dynamic pressure on the 
model was very low; consequently, high forces due to air lodds were not 
pre sent. It might be mentioned that the schlieren shown in Figure l was 
taken with the knife edge horizontal. Photographs were also taken with the 
knife edge vertical; however, the density gradient s in the axial direction 
were too low for satisfactory visible display. 
Some effort was expended in trying to take spark pictures in a time 
interval short enough to see the microscopic wake structure. At a nominal 
velocity of 2740 ft/ sec (which re sults from isentropic expansion to Mach 
5. 7 with the wind tunnel stagnation temperature of 262 F) the flow advances 
about 0. 033 inch during l. 0 microsecond. 
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Figure 58 . Pressure Contours for Empty Wind Tunnel 
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One microsecond, then, appears to be the largest order of magnitude 
of the time interval which must be achieved for visible microscopic wake 
investigation. In this time interval, it is very difficult to get light intensi-
ties high enough for schlie ren photographs. An open air spark gap 
developed by Gorecki (Reference 44) was tried. This source provided 
time intervals of several microseconds with enough intensity to give 
photographs using sensitive film. However, due to the flow motion and the 
resultant smearing, no additional phenomena were visible over the longer-
exposure - time schlierens. The project was therefore abaudoned. 
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APPENDIX B 
HEATED THERMOCOUPLE 
The heated thermocouple used for total-temperature measurements 
is shown in Figure 2.3. The supports were heated to the same value as the 
measured wire temperature by the de sign shown in Figure 59 . In Figure 
59, it will be noted that three thermocouples were used, one for measuring 
the total temperature of the airstream, and one for measuring the support 
temperature at each end of the wire . The output from the thermocouple at 
the alumel support was fed into the servo along with the output from the 
thermocouple at the center of the wire. 
The servo compared these two outputs and heated the alumel support, 
making the difference in outputs equal to zero. The temperature of the 
chromel support was then adjusted by comparing the output of its thermo-
couple with that of the alumel support with a sensitive galvanometer. The 
chromel-heated or the alumel-heated (or both) thermocouples were 
adjusted by varying the resistances shown in Figure 59; therefore, at 
equilibrium, both the servo and the galvanometer were nulled. 
The servomechanism used was developed by Wood (Reference 43) for 
a heated shielded thermocouple. The system consists of a de null detector, 
a CAT (current adjusting type) control unit, and a power manipulator. 
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Figure 59. Schematic of Heated Thermocouple Probe 
These element s are all commercially available. The de null detector 
measures the difference in output between two thermocouples. Its signal 
is fed into the CAT control unit which, in turn, adjusts the power manipu-
lator . The CAT incorporates provisions for obtaining stability and 
minimum respons e to demand changes. 
The calibration needle shown in Figure 23 was used to determine 
a xial di s tance s accurately. First, the distance between its tip and the 
thermocouple junction was measured with an optical comparator. Then 
the tip was allowed to barely touch the model during tunnel operation after 
thermal equilibrium had been established. After axial di s tance was fi x ed 
and the axial counter set, the calibration needle was then removed. 
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The chromel-alumel cold junction was coated with wax to eliminate 
spurious voltages induced by the melting ice. A chromel-alumel thermo-
couple was selected for this experiment for the following reasons : neither 
metal is corrosive, the combination gives out a reasonably large output 
compared to other metals, and both metals are readily available. As 
indicated in Figure 23, the heated thermocouple allows for the use of 
5-mil wire rather than the very thin wire necessary with conventional 
means . For this reason, the chances of breaking the wire due to wind 
tunnel starting loads are minimized. 
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APPENDIX C 
TRANSPORT PROPERTIES 
Because of the very low static temperatures in the test section, the 
conventional Sutherland formula for coefficient of viscosity was suspected 
--especially since no experimental data for coefficient of viscosity for 
dry real air exists below 180 F. Therefore, the coefficient of viscosity 
was computed using the Lennard-Janes potential as outlined by 
Hirschfelder, Bird, Curtiss, and Spatz (Reference 45). The results of 
these computations are shown in Figure 60 and Table IV. Along with the 
1.4 r---------------------------------------------------------------------------------~zr• 
1.2 
1.0 
0.8 
0.6 
-FROM NBS-NACA TABLES OF THERMAL PROPERTIES OF GASES 
-TABLE 2.39/1 
SUTHERLAND'S FORMULA 107 Ji = 145.8 T3/ 2 
T+l1'0':l 
WHERE Ji= ABSOLUTE VISCOSITY, POISE 
T = TEMPERATURE, ·KELVIN 
----BASED ON LENNARD-JONES POTENTIAL USING Eq. {6-1), p.371, 
SECTION D: THE TRANSPORT PROPERTIES OF GASES AND GASEOUS 
M IXTURES BY HIRSCHFELDER, BIRD, CURTISS, AND SPOTZ, 
FROM THE PRINCETON SERIES HIGH SPEED AERODYNAMICS AND 
JET PROPULSION, VOL. I {ROSSINI, F,D, EDITOR) 
-·-BASED ON KEYES EO. : 
.J!.. ~ 
ll, z 0.06462 I + 219.8 
T X 109/ T {Tin OR) 
REF: KEYES, F. G., HEAT CONDUCTIVITY, 
VISCOSITY, SPECIFIC HEAT AND PRANDTL 
NUMBERS FOR THIRTEEN GASES, 
PROJECT SQUID TR 37, 
MASSACHUSETTS INSTITUTE OF 
TECHNOLOGY, I APRIL 1952 
0.6 
..!!.... 
J.l, 
0.5 
0.4 
0.3 
280 380 480 
TEMPERATURE ("R) 
580 680 780 0 .I 
Figure 60. Coefficient of Viscosity for Air Versus Temperature 
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values based on the Sutherland formula and the Lennard-Janes potential, 
a curve based on Keyes 1 equation ~.c (Reference 46) is also shown in Figure 
60 . Reynolds pumbers based on the coefficients of viscosity given in 
Figure 61 were used for all computations . 
In a manner similar to that discussed above for viscosity, the 
thermal conductivity of air was calculated for low static temperatures, 
based on the Eucken assumption of fast energy transfer as presented by 
Hirschfelder, Bird, Curtiss, and Spatz (Reference 44). The results of 
these computations are shown in Figure 62. To compute the Prandtl 
number, the experimental values of specific heat for dry real air 
presented in Figure 63 were taken from Reference 48. The Prandtl 
number based on these properties is shown in Figure 64. 
*It should be noted that Keyes' equation as given by Graves, Quiel, and 
Nagamatsu (Reference 47) and Matthews (Reference 28) contains errors . 
I 
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Table IV 
Coefficient of Viscosity for Air 
Based on Lenna r d - Jones Potential 
12 ( ) Y(2,2; ' r) (J.J / J.J r) = (T/T ) 1 ~
r g (ir) Y(2,2; 7" ) 
Choose: 
T r = 27 3. 16 °K ( = 491. 69 °R) 
f.J r = 1716 x 10- 7 poise (g/sec-cm) 
7" = (kT I E ) 
k, E = force constants 
for air E/k = 97. 0 °K 
Viscosity Functions Comparison With Experiment 
Y(2, 2) g 7" Y(2, 2) g T(°K) J.l. exptl. I 11 calc. 
( 10- 7 poise) 
2.785 1. 0014 2. 7 1. 069 100 713 702 
2. 628 2.8 1. 058 120 846 840 
2.492 2.9 1. 048 140 97 5 972 
2. 368 3.0 1. 039 1. 0034 160 1101 1099 
2. 257 1. 0002 3 . 1 1. 030 180 1221 1221 
2. 156 3.2 1. 022 200 1336 1337 
2.065 3. 3 1. 014 220 1448 1447 
1. 982 3 . 4 1. 007 240 1556 1554 
1. 908 3. 5 0.9999 260 1659 1657 
1. 841 1. 0000 3. 6 0.9932 280 17 56 1756 
1. 780 3. 7 0.9870 293. 16 1819 1819 
l. 725 3. 8 0. 98 11 300 1851 1851 
1. 67 5 3. 9 0.9755 400 2294 2290 
1. 629 4. 0 0.9700 1. 0049 500 2680 2678 
1. 587 1. 0000 4. 1 0. 9649 800 3613 3680 
1. 549 4. 2 0.9600 1000 4165 4257 
1. 514 4. 3 0.9553 1200 4631 4761 
1. 482 4.4 0.9507 1500 5262 5494 
1. 452 4 . 5 0.9464 5000 12080 
1. 424 1. 000 1 4.6 0.9422 10000 18870 
l. 399 4. 7 0. 9 382 
l. 37 5 4 . 8 0. 9343 
1 . 353 4.9 0 . 9305 
l. 333 5 0. 9269 1. 0058 
1. 314 1. 0004 6 0.8963 
1. 296 7 0. 8727 
1. 279 8 0 . 8538 
l. 264 9 0. 8379 
1. 248 10 0.8242 1. 007 5 
1. 234 20 0.7432 
1. 22 1 30 0 . 7005 
1. 209 40 0 . 6718 
1 197 50 0.6504 1. 0079 
1. 186 60 0.6335 
1 17 5 1. 0014 70 0.6194 
l. 156 80 0.6076 
1. 138 90 0 . 597 3 
1. 122 100 0.5882 1. 0080 
1. 107 200 0.5320 
1. 093 1. 0025 300 0.50 1 6 
1. 081 400 0.48 1 1 1. 0080 
0.6 
0.5 t-
0.4 
-
1-i/1-'r 0.3 t-
0.2 t-
0.1 t-
0 
0 
LENNARD-JONES NBS-NACA 
____ _. FAIRING POTENTIAL TABLES 
FROM NBS-NACA TABLE OF THERMAL PROPERTIES OF GASES ToR 
-TABLE 2.39/1, COEFFICIENT OF VISCOSITY OF DRY AIR 
1-'/IJ r IJ//.1. r TOR 
-·- BASED ON LENNARD-JONES POTENTIAL USING EQ. (6-1), P. 371, 54 0. 1257 0,4038 180 
SECTION D: THE TRANSPORT PROPERTIES OF GASES AND GASEOUS 72 .1638 0.4448 198 
MIXTURES BY HIRSCHFELDER, BIRD, CURTISS, AND SPOTZ, FROM 90 .2024 0,4848 216 
THE PRINCETON SERIES HIGH SPEED AERODYNAMICS AND JET 93.6 .2103 0.5239 234 
PROPULSION, VOL, I (ROSSINI, F. D. EDITOR). 95.4 .2144 0.5621 252 
97.2 .2184 0.5994 270 
108 .2426 0.6359 288 
0.6716 306 
L" 0.7065 324 
-7 0.7407 342 
# 0.7742 360 y FAIRING 
.I 0,8070 378 0.8391 396 
# TOR ~-'/~-' r 0.8706 414 
,;/' 0.9015 432 .2830 0.9319 450 126 
/ 144 .3235 
0.9617 468 
162 .3630 0.9909 486 
.// 
1.020 504 
1.048 522 
1.076 540 
/ 1.103 558 
/ 
1.130 576 
. TO CONVERT HAVING THE DIMENSIONS 1.157 594 / TABULATED TO INDICATED BELOW MULTIPLY BY 1.183 612 
/ VALUED OF 1.209 630 1.234 648 
/ 
1-'/IJ.r POISE OR G (M) SEC -1 CM -1 1716 X 10-7 
1.259 666 
"' 
1.283 684 
CENTIPOISE 1716x 10-5 1.308 702 
G (F) SEC CM - 2 1,7498 X 10-7 1,332 720 
KG (F) SEC M -2 1.7498 X 10-6 1.356 738 
LB (F) SEC IN -2 2 .4889 X 10-9 1.379 756 
LB (F) SEC FT -2 (SLUG/ FT SEC) 3.5840 X 10-7 1.402 774 
LB (M) SEC -1 FT - 1 1,1531 X 10-5 1.425 792 
LB (M) SEC -1 IN -1 9,6093 X 10-7 1.448 810 
I I I I I 
40 80 120 160 200 240 
TEMPERATURE (OR) 
Figure 61. Values Used for Coefficient of Viscosity for Air at Low Temperatures 
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lN 
...... 
- ] 3 2 -
- -
FAIRING 
THERMAL 
DATA FROM NBS-NACA TABLES OF THERMAL PROPERTIES CONDUCTIVITY 
OF GASES -TABLE 2. -42 , THERMAL CONDUCTIVITY OF (DRY AIR) 
DRY AIR 
TEMP 
OR lr/1<0 
-·--· BASED ON EUCKEN ASSUMPTION OF FAST ENERGY TRANSFER 
USING EQ. (10-2), P. -405, SECTION D: THE TRANSPORT 
PROPERTIES OF GASES AND GASEOUS MIXTURES BY 1-4-4 0.3092 
HIRSCHFELDER, BIRD, CURTISS, AND SPOTZ, FROM THE 162 0.3-450 
PRINCETION SERIES HIGH SPEED AERODYNAMICS AND JET 180 0.3831 
PROPULSION, VOL. I (ROSSINI, F. D. EDITOR). 198 0.4203 
216 0.-4576 
0 .44 r- 23-4 0.-4948 
COEFFICIENT FOR THERMAL CONDUCTIVITY OF DRY REAL AIR 252 0. 5318 
BASED ON EUCKEN ASSUMPTION 270 0. 5687 
288 0. 6052 
_E_[c • 5RJ ~ rn 306 
0.6418 
k = 32-4 0.6780 m p" C) t-r, 3-42 0.7138 
0 .40 t- 360 0.7-49-4 
/.l = COEFFIECIENT OF VISCOSITY 378 0.78-46 
JTt = MOLECULAR WEIGHT (28.96n I 396 0.8196 
-41-4 0.85-43 
Cp = SPECIFIC HEAT AT CONSTANT PRESSURE . 
-432 0.8885 
R = GAS CONSTANT FOR AIR I -450 0.9225 
"r' =REDUCED TEMPERATURE, ~ . 468 0. 9561 
0,.36 
-
T z TEMPERATURE, °K E I -486 0.9894 504 1.022 k,f: = FORCE CONSTANTS . 522 1.055 FOR AIR (E;l<) = 97.001<. I cf (t') = VISCOSITY CORRECTION FACTOR 5-40 1.087 . 558 1.119 J{l'C) = THERMAL CONDUCTIVITY CORRECTION /, 576 1.151 FACTOR 59-4 1.182 
. 
612 1.213 0.32 1-
-r: cf '(}(, .~ 630 1.2« 648 1.275 
k [1 666 1. 305 
0.30 1.001-4 1.0022 •l 68-4 1. 335 k 0.50 1.0002 1.0003 
" 
702 1.365 0 0.75 1.0000 1.0000 
•I 720 1.394 1. 00 1.0000 1.0001 /I 738 1. -423 0.28 1- 1. 25 1.0001 1.0002 756 1.452 
1.5 1. 0004 1.0006 .1 77-4 1.-481 
2.0 1.0014 1.0021 II 2.5 1.0025 1.0038 3.0 1.003-4 1.0052 
4 .0 1.0049 1.0076 
5.0 1.0058 1.0090 I 0.24 1- 10.0 1.0075 1.0116 
50.0 1.0079 1.012-4 I 100.0 1. 0080 1.0125 I 400. 0 1.0080 1.0125 I 
I 
0 .20 1- i 
. 
I 
. 
0.16-
I TO CONVERT HAVING THE DIMENSIONS i TABULATED TO INDICATED BELOW MULTIPLY BY VALUE OF 
. 
I col cm-1 sec-I °K-1 5 . 770 X 10-5 
. kll<o k Btu ft-1 hr-1 °trl 1.395 x 10-2 I watts cm-1 oK-1 2.-414 X 104 
. 
_l_ / I I I 0.12~------~~----~------~------~~------~--------------~ 
0 40 80 120 160 200 
TEMPERATURE (R) 
Figur e 62 . T h e r mal Conductiv i t y of D r y Real Air 
Pr 
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3.00 .------------------------------------------------------------------------------, 
3.84 
3.80 
3.76 
3.72 
3.64 
3.60 
SOURCE: TABLES OF THERMAL PROPERTIES OF GASES, 
U.S. DEPARTMENT OF COMMERCE, 
NATIONAL BUREAU OF STANDARDS, 
CIRCULAR 564, NOVEMBER, 1955 
TO CONVERT TO 
TABULATED 
VALUE OF 
10 ATM 
CONVERSION TABLE 
HAVING THE DIMENSIONS 
INDICATED BELOW 
CAL MOLE-I °K-1 (OR °C1) 
CAL G-1 °K-I (OR oc-lb 
JOULES G-1 oK-1 (OR C 1) 
BTU (LB MOLE)-IoR- 1 ( O~F-1) 
BTU LB-IoR-1 (OR °F-I) 
Cp/R 
3.50 
3.48 
TEMPERATURE (OR) 
1.98719 
0.0686042 
0.287041 
1.98588 
0.0685590 
TAKEN AS 7/ 2 
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0.01 ATM :::::::..===-------
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Figure 63. Specific Heat at Constant Pressure for Dry Real Air 
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Figure 64. Prandtl Number for Dry Real Air 
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A PPENDIX D 
L A MINAR- WAKE THEORY 
Us i ng Kubota's a p p r oach (Reference 18), it is assumed that the flow 
in the viscous wake can be desc ribed by the boundary- layer type equations: 
a( p u } + a(Pv } = O 
a x a y 
du 
a u a u 
P u - + p v - = ax ay 
p u __ e + _1. _ _111 ~) 
eedx a y ~a y 
aH aH 
p u a X + p v a y 
w here the total enthalpy, 
and assuming a perfect gas, 
ap = o 
ay 
= a ( 11 aH ) _ ...£.._ (~ u ~) 
ay a a y ay a ll oy 
1 2 
H = h+ z: u, 
( 1) 
(2) 
(3} 
( 4) 
(5) 
(6) 
The boundary conditions of symmetr y and free - stream flow at infinity 
a.ppl y, v iz: 
~~ (x, 0 ) = 0 
aH 
oy (x, 0} = 0 
u(x, ± oo) = u (x} 
e 
H(x, ± oo} = H 
e 
( 7) 
------------
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The following transformation is used 
X 
~ (x) = f 
0 
p II U 
er-e e 
p II U 
00 r-00 00 
dx 
d 
y (x, y ) = 
u y 
e~~f-f--i 
uoo v c1 0 00 
the:ri the differential Equations (2) and (4) become 
dM 2-
u2 ) _1 ___ e + ~ 
M dx -2 
e oy 
- a G. - a G. 
u-+v-= ox fly (g -
G. ag + ~ £8. 
a~ ay 
2 2 (y-l)M -
= L.!..£ - _1_-_a_ ------=:---e--=- aa_ ( ll aa ~ ) 
a 0 - 2 a 1 +...t...:._!_ M 2 \ Y 2 e y y 
where, from continuity 
u = 
and, 
g -
u 
u 
e 
H 
H 
e 
( 8) 
(9) 
( l 0) 
( ll) 
( 12) 
( 13) 
It is assumed that the Prandtl number is constant (not necessarily= 1) , 
and, analogous to the Chapman-Rubesin relation for l inear 
temperature-viscosity relationship, 
( 14) 
In order to linea rize Equations 10 and 11 first, let 
u = 1 w ( 15) 
G = g - 1 ( 16) 
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and assume the velocity defect, w << 1. Substituting into Equations 10 and 
11 and retaining lowest-order terms, we obtain 
where 
h 
h 
e 
~ (___!:_- 1) 
ax h 
e 
2 
1 a 
= ---
u -2 
ay 
2 d M a e 
----= (M w) + G --ox e 
a2 2 
= ---=z: (Me w) 
dx ay 
with the boundary conditions 
: : : l X = CO at y = ±co 
a w 
ay = 0 
at y = 0 
aG 
= 
ay 
0 
w (-y) = w (+y) 
G ( - y) = G (+y) 
If 
G << w 
Equations 17 and 18 reduce to the diffusion equation 
( 1 7) 
( 18) 
( 19) 
(20) 
( 21) 
(22) 
(23) 
(24) 
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with homogeneous boundary conditions and symmetry 
o I at t = 00 w = 
.,., 
= ± 00 
aw 
(25) 
- = o at '1J = 0 
aTJ 
W(-TJ) = w (+TJ) 
Using Laplace transform techniques, the general solution of Equations 
24 and 25 is 
00 
l f 1 - JP ( TJ ' - .,., ) w = w (TJ')- e d 'TJ ' 2 o;p 
., 
( 26 ) 
.,., 
jP('TJ' -.,) d TJ ' l J w ( TJ ') l +- e 2 0 IP 
-00 
where 
00 
W = ~ { W } = 1 W e - p t d t (2 7) 
and W 
0 
(TJ) represents the initial conditions. If W 0 (TJ) is a delta function 
of strength Q , Equation 26 reduces to 
or 
W = Q_l_ e -JP., 
2/P (28) 
(29) 
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Thus, the solutions of Equations(l7) and (18) for G <<wand initial 
delta functions at the origin of x are 
M 
2 
w = ~ exp (- y ~ ) 
e j;; 4x 
h 
h 
e 
1 = ; exp (- ~t ) 
( 30) 
( 31) 
where A and B are determined from the initial condition (usually taken at 
the neck} 
B = ~ 
2V7i (p u d) h 
oo oo e 
[ Q + ( p u 3 ()) ] e e 0 
0 
where () is the momentum thickness 
() = 2 Joo ~ (1 -~)d p u u y 
e e e 
0 
and Q is the heat transfer to the body. 
From Equation 32 
= 
( puM 2) 
e e e 
0 
2 p u M 
e e e 
( 32) 
( 33) 
( 34) 
( 35) 
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To determine the wake semi- width, y , one notes that 
e 
where y is the wake semi-width in the transformed plane. 
e 
Assuming that at the wake edge 
1 
w = 
e N 
then 
2) 2 r=-M - ln M vx 
e o e 4x 
It is interesting to note that 
~(M 2 §_) 
2 e d 0 
( 3 7) 
(38) 
( 39) 

DISTRIBUTION LIST 
Uni ted States Army 
U. S. Army Research Office (Durham) 
Box CM, Duke Station 
Durham, North Carolina 
Attention: Information Processing Office 
20 copies 
Army Rocket and Guided Missile Agency 
U. S . Army Or dnance Missile Command 
Redstone Arsenal 
Alabama 
Attention: Mr. J ohn Morrow 
ORDXR-RMO 
Commanding General 
U. S. Army Ordnance Missile Command 
Redstone Arsenal 
Alabama 
Attention: Technical Library 
Commander 
Army Ballistic Missile Agency 
Red stone Ar senal 
Alabama 
Attention: ORDAB-IPL 
L o s Angeles Ordnance District 
55 South Grand Avenue 
Pasadena 2, California 
Attention: Mr. John D. Flanagan, 
2 copies 
Chief of Basic Research Section 
R esearch Branch 
Chief of Ordnance 
Department of t h e Army 
ORDTB - Ballistic Section 
The Pentagon 
Washington 25, D. C. 
Attention: Mr. George Stetson 
Office of the Chief of Research and 
Development 
Department of the Army 
Army Research Office 
Washington 25, D. C. 
U. S. Army Ordnance 
Ballistic Research Laboratories 
Aberdeen Proving Ground 
Maryland 
Attention: Dr. Joseph Sternberg, Chief 
Exterior Ballistics Laboratory 
Attention: Dr. Raymond Sedney 
Exterior Ballistics Laboratory 
Commanding General 
White Sands Missile Range 
New M exico 
Attention: Technical Library 
Attention: Chief, Research Support Division 
Commanding Officer 
Diamond Ordnance Fuze Laboratories 
Washington 25, D. C. 
Attention: ORDTL 012 
United States Air Force 
Au Resear ch and Developrnent Command 
Aeronautical Research Laboratories 
Air Force Research Division 
Air Research and Development Command 
United States Air Force 
Wrighr-Patterson Air Force Base 
Ohio 
Attention: Mr. F red L . Dawn, RRLD 
Attention: Dr. Karl Gottfried Guderley, RRLM 
Attention: Dr. Roscoe H. Mills, RRLD 
Attention: RRLL 
Wright Air Development Division 
Air Research and Developrr.ent L.ommand 
United States Air Force 
Wright-Patterson Air Force Base 
Ohio 
Attention : WADD (WWAD- Library) 
Attention: -'1-SD (ASTZA. - Rcr>orts Section) 
Attention: ASD (ASRMDF - Mr. Philip P . Antonatos) 
Air Force Office of Scientific Research 
Air Research and Development Command 
United States Air Force 
Washington 25 , D. C. 
A ttention: Mechanics Division; Milton Rogers, Chief 
Attention: SRGL (2 copies) 
Directorate of Research Analysis 
Air Force Office of Scientific Research 
Air Research and Development Command 
United States Air Force 
Holloman Air Force Base 
New Mexico 
Attention: SRLS, D r . Gerhard R. Eber 
Air Force Ballis::ic Missile Division 
Air Research and Development Command 
United States Air Force 
Air Force Unit Post Office 
Los Angeles 45, California 
Attention: Advanced Systems Division (WDTVV-3); Major E. W. Geniesse, Jr. 
Attention: Penetration Division (WDTVV-4); 1/Lt. H. E. Hunter 
Attention: A VCO Re-entry Vehicles Division (WDTVV -1 ); Capt. G. S. Lewis, Jr. 
Air Research and Development Command 
United States Air Force 
Eglin Air Force Base 
Florida 
Attention: Al?GC (l?GTRI, Technical Library) 
Armed Services Technical Information Agency 
Air Research and Development Command 
United States Air Force 
Arlington Hall Station 
Arlington 1 2, Virginia 
Attention: ASTIA ( TIPCA) 
10 copies 
United States Navy 
Director 
U. S. Naval Research Laboratory 
Washington 25, D. C. 
U. S. Naval Ordnance Laboratory 
White Oak 
Silver Spring, Maryland 
Attention: Dr. R. Kenneth Lobb 
Aero ballistics Probram Chief 
Attention: Dr. A. E. Seigel 
Chief, Ballistics Department 
Attention: Dr. R. E. Wilson 
Associate Technical Director 
(Aeroballistics) 
U. S. Naval Weapons Laboratory 
Dahlgren, Virginia 
Attention: Technical Library 
U . S. Navy Departrnent 
David Taylor Model Basin 
Applied Mathematics Laboratory 
Washington 7, D. C. 
Attention: Dr. F. N. Frenkiel 
Miscellaneous Government Agencies 
United States Atomic Energy Commissio 
P. 0. Box 62 
Oak Ridge, Tennessee 
Attention: Library 
U. S. Department of Commerce 
National Bureau of Standards 
Washington 25, D. C. 
Attention: Dr. G. B. Schubauer 
Chief, Fluid Mechanics Sec. 
National Aeronautics and Space Administration 
NASA 
Headquarters 
1520 H Street, Northwest 
Washington 25, D. C. 
Attention: Dr. H. H. Kurzweg 
Assistant Director of Research 
NASA 
George C. Marshall Space Flight Center 
Huntsville, Alabama 
Attention: Dr. Ernst D. Geissler, Director, Aeroballistics Division 
Attention: M-AERO-A, Mr. Werner K. Dahm 
Attention: Aeroballistics Division, M-AERO-E, Mr. T. G. Reed (3 copies) 
NASA 
Langley Research Center 
Langley Field, Virginia 
Attention: Librarian 
Attention: Mr. Clinton E. Brown, Chief, Theoretical Mechanics Division, Bldg. 121 
Attention: Dr. Adolf Busemann 
Attention: Mr. Charles H. McLellan, 11-Inch Hypersonic Tunnel Section 
NASA 
Ames Research Center 
Moffett Field, California 
Attention: Library 
NASA 
Lewis R e search Center 
21000 Brookpark Road 
Cleveland 35, Ohio 
Attention: Library, Mr. George Mandel (2 copies) 
Universities and Non- Profit O rganizations 
Brown University 
Division of Applied Mathematics 
Providence 12, Rhode Island 
Attention: Professor R. E. Meyer 
Brown University 
Division of Engineering 
Providence 12, Rhode Island 
Attention: Dr. Ronald F. Probstein 
University of California at Berkeley 
Aeronautical Sciences Department 
Room 203, Mechanics Building 
Berkeley 4, California 
Attention: Professor S. A. SLhaaf 
University of California 
405 Hilgard Avenue 
Los Angeles 24, California 
Attention: Engineering and Mathematical 
Sciences Library 
Engineering II 8 2 70 
University of California 
Department of Engineering 
Los Angeles 24, California 
Attention: Professor A. F. Charwat 
Attention: Dr. N. Rott 
Case Institute of Technology 
Department of Mechanical Engineering 
University Circle 
Cleveland 6, Ohio 
Attention: Dr. G. Kuerti 
University of Cincinnati 
Department of Aerospace Engineering 
Cincinnati 21, Ohio 
Attention: Dr. Ting- Yi Li 
Colwnbia University 
Department of Mechanical Engineering 
New York 27, N. Y. 
Attention: Professor Robert A. Gross 
Cornell University 
Graduate School of Aeronautical Eng. 
Ithaca, New York 
Attention: Library 
Attention: Dr. William R. Sears 
University of Florida 
Department of Aeronautical Engineering 
Gainesville, Florida 
Attention: Professor David T. Williams 
Harvard University 
Division of Eng. and App. Physics 
Cambridge 38, Massachusetts 
Attention: Dr. Howard W. Emmons 
University of Illinois 
Department of Aeronautical Engineering 
Urbana, Illinois 
Attention: Professor Harold 0. Barthel 
Attention: Dr. Allen I. Ormsbee 
The Johns Hopkins University 
Applied Physics Laboratory 
8621 G e orgia Avenue 
Silver Spring, Maryland 
Attention: Dr. L. L. Cronvich 
Attention: Dr. F. K . Hill 
The J .>hns Hopkins University 
Department of Mechanics 
Baltimore 18, Maryland 
Attention: Dr. Francis H. Clauser 
Attention: Dr. Stanley Carr sin 
Attention: P~ ofessor L. S. G. Kovasznay 
Lehigh University 
Department of Physics 
Bethl ehem, Pennsylvania 
Attention: Dr. Raymond J. Emrich 
University of Maryland 
Department of Aeronautical Engineering 
College Park, Maryland 
Attention: Professor S. F. Shen 
Universi ty of Maryland 
Institute for Fluid Dynamics and 
Appl ied Mathematics 
College Park, Maryland 
Attention; Director 
Attention: Professor J. M. Burgers 
Attention: Professor Francis R. Hama 
Attention: Professor S. I. Pai 
Massachusetts Institute of Technology 
Department of Aeronautics and 
Astronautics 
Cambridge 39, Massachusetts 
Attention: Prof. E. MoHo-Christensen 
Room 33-412 
Attention: Dr. Leon Trilling 
Room 33-412 
Massachusetts Institute of Technology 
Department of Aeronautics and 
Astronautics 
Aerophysic s Laboratory 
560 Memorial Drive 
Cambridge 39, Massachusetts 
Attention: Dr. Morton Finston 
Massachu setts Institute of Technology 
Departmen t of Mathematics 
Cambridge 3 9 , Massachusetts 
Attention: Professor C. C. Lin 
A ttention: Dr. G e orge B. Whitham 
Massachusetts Institute of Technology 
D e partme nt of Mechanical Engineering 
Cam bridg e 39, Massachusetts 
Attention : Dr. A. H. Shapiro 
Attention: Dr. H. Guyford Stever 
Room 3-174 
University of Michigan 
Ann Arbor, M ichigan 
A ttention: E n gine ering Library 
Univer sit y o f Michigan 
Willow Run Laboratories 
P . 0 . Box 6 18 
A nn Arbor, Michigan 
Attent ion: BAMIRAC Library 
Mr. Richard Jamron, Head 
Information Handling Group 
University o f Michigan 
Aeronautical Engineering Laboratories 
Aerodynamics Laboratory 
North Campus 
A nn A rbor, Michigan 
Attention: Mr. James L. Amick 
Unive r sity of Michigan 
Aerona utical Engineering Laboratories 
A irc r aft Propulsion Laboratory 
North Cam pus 
A nn Arbor, Michigan 
A ttention: Professor J. A. Nicholls 
University of M i chigan 
Department of A e ronautical and 
Astrona u tica1 Engineering 
Ann Arbor, Michigan 
New York University 
Institute of Mathe matics and M echa nics 
53 Washington Squa r e, South 
New York 1 2 , N . Y. 
Attention: Library 
North Carolina State College 
Department of Mechanical E ngineering 
R c: leigh, North Carolina 
Attention: Profe ssor R. M. Pinke rton 
Northwestern University 
The Technolo.::;i. cal Institute 
Evanston, Illinois 
Attention: Professor Ali Bulent Cambel 
The Ohio State University 
Department of A e ronautical and 
Astronautical Engineering 
203 6 Neil Avenue 
Columbus 10, Ohio 
Attention: Professor John D . Lee 
Attention: Professor Gav in L. v o -.1.E schen 
Polytechnic Institute of Brooklyn 
Aerodynamics Laboratory 
527 Atlantic Avenue 
Freeport , New York 
Attention: Library 
Attention: Professor Martin H. Bloom 
Attention: 
Attention: 
Professor Antonio Ferri 
Professor Paul A. Libby 
Princeton University 
School of Engineering 
James Forrestal Research C e nte r 
Princeton, New Jersey 
Attention: Library 
Attention: Gas Dynamics Laborator y 
Attention: Dr. Seymour Bogdonoff 
Attention: Professor Si n-I Cheng 
Attention: Dr. Luigi Crocco 
Purdue Unive rsity Attent ion: D r . Arnold M . Kuethe 
Attention: Professor V. C. Liu 
Attention: Professor William W. 
School of Aeronautical and Eng ineering 
Willmarth Sciences 
Un1 ver sity o f Michigan 
Department of Physics 
Ann Arbor, Michigan 
Attention: Dr. 0. Laporte 
University of Minnesota 
Institute of Technology 
Rosernount A e ronautical Laboratories 
Rosernou n t , M i nne s ota 
Attention: Mr s . Linda Caldon, 
L ibrarian 
W e st Lafayette, Indiana 
A t tention: A e ro. and Eng ine ering 
Sciences Library 
University of Rochester 
College of Engineering 
Depar tment of Mechanical Engineering 
River Campus Station 
Rochester 20, New York 
Attention: Professor Martin Lessen 
University of Southern California 
Engineering Center 
University Park 
Los Angeles 7, California 
Attention: Director 
Attention: Dr. H. T. Yang 
University of Southern California 
Engineering Center 
A e ronautical Laboratories Department 
P . 0. Box 1001 
Oxnard, California 
Attention: Mr. J. H. Carrington, 
USCEC-ATL 
Stanford University 
Department of Aeronautical Engineering 
Stanford, California 
Attention: Professor Daniel Bershader 
Attention: Dr. Milton Van Dyke 
Attention: Prof. Walter G. Vincenti 
University of Texas 
Defense Research Laboratory 
P. 0. Box 8029 
Auetin 12, Texas 
Attention: Dr. M. J. Thompson 
University of Virginia 
Department of Physics 
Charlottesville, Virginia 
Attention: Dr. Jesse W . Beams 
University of Washington 
Department of Aeronautical Engineering 
Seattle 5, Washington 
Attention: Engineering Librarian 
Attention: Professor R. E. Street 
University of Wisconsin 
Theoretical Chemistry Laboratory 
P. 0. Box 2127 
Madison 5, Wisconsin 
Atrention: Dr. Joseph 0. Hir schfelder 
Yale University 
Department of Mechanical Engineering 
New Haven, Connecticut 
Attention: Dr. Alan Kistler 
Attention: Dr. Peter Wegener 
Institute of the Aerospace Sciences 
2 East 64th Street 
New York 21, New York 
Attention: Library 
Industria l R esearch Corr.panies 
A eronautical R esearch Associates 
of Princeton, Inc . 
50 Washingto n Road 
P rinceton, N e w Jersey 
Attention: Dr. Coleman duP. Donaldson 
Aeronutronic 
A Division of Ford Motor Company 
For d R oad 
P. 0 . Box 6 97 
Newpor t B each, California 
Attention : D r . L. L. Kavanau 
Advanced Programs Staff 
A erospace Corporation, Inc. 
P. 0 . Box 9 508 5 
Los Angeles 45, California 
Attention: Dr. Chieh-Chien Chang 
Attention: Dr. J. Logan, Director 
2 copie s 
Attenti o n : Dr. H. Mir e ls 
A R O, Inc . 
Arnol d A ir Force Station 
Tennessee 
Attent ion : AEDC Library 
Attention: Dr . B. H. Goethert 
D i rector of Engineering 
Attention: TS( T 1) 
ARO , In c. 
von Ka rman Gas Dynamics Facility 
A rnold A i r Force Station 
Tennessee 
Atte nti on: Dr. J. Lukasiewicz, Chief 
A ttention: Mr. J. Leith Potter, 
Manager, Research Branch 
AVC O - E ver e tt Research Laboratory 
2385 Revere B each Parkway 
Everett 49, Massachusetts 
Attention: Barbara A. Spence, 
Techni cal Librarian 
AVCO Resea rch and Advanced 
Devel o pment Division 
20 1 L owell Street 
Wilmington, Massachusetts 
Attention: Mr. A. Kahane 
Assistant Technical Director 
Attention: D r. Frederick R. Riddell, 
Tech. Ass 't. to Pres. -s. Tee. 
Boeing Airplane Com pany 
Aero-Spac e Division 
Seattle 24, Washington 
Attention: Library 13-84 
CONVAIR 
A Division of G en e ral D ynamic s Corp. 
Astronautics Divisi on 
P. 0. Box 1128 
San Diego 12, California 
Attention: Mr. K. J. B o s sart, Tech. D i r. 
Attention : Mr. W. B . M itche ll, 5 95 -10 
CONVAIR 
A Division of G e n e ral Dy namics Corp. 
Scientific Research Laboratory 
5001 Kearny Villa Road 
San Diego 11, California 
Attention: Mr. M e rwin Sibulk in 
Staff Scienti st 
CONVAIR 
A Division of General Dyna mic s Corp. 
Aerospace T e chnology S e c tion 
P. 0. Box 748 
Fort Worth, T e xas 
Attention: Mr. R. C. F rost 
Dept. 6-1 
Mail Zone E63 
CONVAIR 
A Division of General Dynamics Corp. 
Fort Worth, Texas 
Attention: Mr. A. P . Mad sen 
Aerodynamics Group Eng. 
Mail Zone E 63 
Attention: Mr. W. G. McMulle n 
Attention: Mr . Robe rt H. Widmer 
CONVAIR 
A Division of Gene ral Dynamics Corp. 
Daingerfie ld, T e xas 
Attention: Mr. J. E. McMichae l 
Chie f , J e t E ngine D e part m e nt 
Cornell Aeronauti cal Lab o r ator y 
P. 0. Box 235 
Buffalo 21, New York 
Attention: Library 
Attention : Dr. A. H. Flax 
Attention: Mr. A. Hertzberg 
Head, Aerodyna m i c Re search 
Douglas Aircraft Company, Inc. 
Missiles and Space Systems 
3000 Ocean Park Blvd. 
Santa Monica, California 
Attention: Library 
Chief, 
Aero/ Astrodynarr1ics Section 
2 copies 
Attention: Mr. R. J. Gunkel 
Chief, 
Aero/ Astrodynamics Section 
Douglas Aircraft Company, Inc. 
827 Lapham Street 
El Segundo, California 
Attention: Dr. A. M. 0. Smith 
General Dynamics/Astronautics 
Space Sciences Section 
P. 0. Box 1128 
San Diego 12, California 
Attention: Dr. Hideo Yoshihara 
Mail Zone 596-7 
General Electric Company (MSVD) 
Space Technology Center 
Space Sciences Laboratory 
King of Prussia, Pennsylvania 
Attention: Dr. H. Lew 
General Electric Company 
Research Laboratory 
P. 0. Box 1 088 
Schenectady, New York 
Attention: Dr. Henry T. Nagamatsu 
Giannini Controls Corporation 
1600 South Mountain Avenue 
Duarte, California 
Attention: Library 
Grumman Aircraft Engineering Corp. 
Bethpage, New York 
Attention: Mr. Charles Tilgner, Jr. 
Hughes Aircraft Company 
Culver City, California 
Attention: Mr. E. 0. Marriott 
Manager, Aerodynamics Dept. 
Lockheed Aircraft Corporation 
Lockheed Missiles and Space Company 
Technical Information Center (50-14) 
3251 Hanover Street 
Palo Alto, California 
Attention: Dr. W. A. Kozurnplik 
3 copies 
Lockheed Aircraft Corporation 
Lockheed Missiles and Space Company 
P. 0. Box 504 
Sunnyvale, California 
Attention: Mr. R. Smelt, 
Chief Scientist 
Lockheed Aircraft Corporation 
Lockheed Missile Systems Company 
Palo Alto, California 
Attention: Mr. Maurice Tucker 
Spacecraft and Missiles Res. 
Lockheed Aircraft Corporation 
Missiles and Space Division 
7701 Woodley Avenue 
Van Nuys, California 
Attention: Library 
Lockheed Aircraft Corporation 
Marietta, Georgia 
Attention: Dr. W. F. Jacobs 
Aerodynamics Dept. -72-07 
Marquhardt Aircraft Company 
P. 0. Box 2013 - South Annex 
Van Nuys, California 
Attention: Technical Library 
The Martin Company 
Baltimore 3, Maryland 
Attention: Mr. K. Jarmolow 
Mail No. J -3033 
Attention: Dr. Mark V. Morkovin 
Mail No. J- 3033 
McDonnell Aircraft Corporation 
Lambert-Saint Louis Municipal Airport 
P. 0. Box 516 
St. Louis 66, Missouri 
Attention: Mr. Kendall Perkins 
The RAND Corporation 
1700 Main S t : eet 
Santa Monica, California 
Attention: Librarian 
Attention: Dr. Carl Gazley, Jr. 
Attention: Mr. E. P. Williams 
Aero-Astronautics Dept. 
Republic Aviation Corporation 
Farmingdale, Long Island, New York 
Attention: Engineering Library 
Attention: Mr. R. W. Perry 
Chief, Re-Entry Simulation 
Lab. , Applied Research and 
Dev. 
Space Technology Laboratories, Inc. 
P. 0. Box 95001 
Los Angeles 45, California 
Attention: Technical Information Center 
Document Procurement 
Bldg. C, Room 2412 
Attention: Dr. James E. Broadwell 
Aerodynamics Research Section 
Attention: Dr. C. B. Cohen 
Attention: Dr. Louis G . Dunn, President 
Attention: Dr. Andrew G. Hammitt, Head 
Aerodynamics Research Section 
Attention: Mr. Ernest I. Pritchard 
Attention: Dr. George E. Solomon 
Sperry Utah Engineering Laboratory 
Division of Sperry Rand Corporation 
32.2 North 2.1 st Street West 
Salt Lake City 16, Utah 
Attention: Mr. Malcolm L. Matthews 
Systems Corporation of America 
1007 Broxton Avenue 
Los Angeles 24, California 
Attention: Dr. Paul D. Arthur 
United Aircraft Corporation 
Research Laboratories 
East Hartford 8, Connecticut 
Attention: Mr. John G. Lee 
Internal 
Mr. Paul E. Baloga 
Dr. George Bienkowski 
Dr. Gordon L. Cann 
Dr. Julian D. Cole 
Dr . Donald E. Coles 
Dr. Anthony Demetriades 
Dr. Toshi Kubota 
Professor Lester Lees 
Dr. H. W. Liepmann 
Dr. Clark B. Millikan 
Dr. Barry L. Reeves 
Dr. Anatol Roshko 
Dr. Frank E. Marble 
Dr. S. S. Penner 
Dr. W. D. Rannie 
Dr. Edward Zukoski 
Dr. Harry Ashkenas 
Mr. George Goranson 
Dr. James M. Kendall 
Dr. John Laufer 
Dr. Thomas Vrebalovich 
Mr. Richard Wood 
Aeronautics Library (2) 
Hyper sonic Files (3) 
Hyper sonic Staff and Research Workers (20) 

